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EXTERNAL AERODYNAMICS OF THE MAGNETOSPHERE* 

By John R .  S p r e i t e r ,  A lbe r t a  Y .  Alksne, 
and Audrey L .  Summers 

Ames Research Center  

SUMMARY 

A comprehensive survey i s  given of  t h e  continuum f l u i d  theory of t h e  
s o l a r  wind and i t s  i n t e r a c t i o n  wi th  t h e  Ea r th ' s  magnetic f i e l d ,  and t h e  rela- 
t i o n  between t h e  c a l c u l a t e d  r e s u l t s  and those  a c t u a l l y  measured i n  space.  A 
u n i f i e d  b a s i s  f o r  t h e  e n t i r e  d i scuss ion  i s  provided by t h e  equat ions of mag- 
netohydrodynamics, augmented by r e l a t i o n s  from k i n e t i c  theory  f o r  c e r t a i n  
small-scale d e t a i l s  o f  t h e  flow. 

While t h e  f u l l  complexity of magnetohydrodynamics i s  requi red  f o r  t h e  
formulat ion of  t h e  model and t h e  es tab l i shment  of t h e  proper  condi t ions  t o  
apply a t  t h e  magnetosphere boundary, i t  i s  shown t h a t  t h e  magnetic f i e l d  
a c t u a l l y  experienced i n  space is  usua l ly  s u f f i c i e n t l y  small t h a t  an adequate 
approximation t o  t h e  s o l u t i o n  can b e  obta ined  by f i r s t  so lv ing  t h e  s impler  
equat ions of gasdynamics f o r  t h e  flow and then  us ing  t h e  r e s u l t s  t o  c a l c u l a t e  
t h e  deformation of  t h e  magnetic f i e l d .  Numerous s p e c i f i c  r e s u l t s  a r e  pre-  
sen ted ,  inc luding  those  f o r  condi t ions  i n  t h e  s o l a r  wind, t h e  shape of t h e  
magnetosphere boundary, and t h e  flow and magnetic f i e l d s  around t h e  magneto- 
sphere .  The c a l c u l a t e d  r e s u l t s  a r e  compared wi th  d a t a  obta ined  by numerous 
s p a c e c r a f t ,  inc luding  Explorer  1 2 ,  IMP-1, Pioneers  V I  and V I I ,  and t h e  Vela 
s a t e l l i t e s .  

INTRODUCTION 

The flow of t h e  s o l a r  wind p a s t  t h e  Ear th  and i t s  magnetosphere cons t i -  
t u t e s  a problem similar i n  many ways t o  t h e  familiar,  b u t  complex problem of 
t h e  ex te rna l  aerodynamics of round-nosed bodies  i n  a supersonic  stream. I t  i s  
t h e  purpose of t h i s  paper  t o  provide a r6sum6 of some of  t h e  b a s i c  ideas ,  both 
t h e o r e t i c a l  and experimental ,  t h a t  support  t h i s  correspondence, and t o  p re sen t  
a connected account of  many of t h e  p r i n c i p a l  q u a n t i t a t i v e  r e s u l t s  t h a t  have 
been obta ined  through a p p l i c a t i o n  and ex tens ion  of methods developed o r i g i -  
n a l l y  f o r  t h e  aerodynamics of r e e n t r y  v e h i c l e s .  In  a d d i t i o n ,  t h e  b a s i c  con- 
cepts  of  t h e  theory of t h e  s o l a r  wind i t s e l f  are o u t l i n e d  i n  some d e t a i l  i n  
o rde r  t o  i l l u s t r a t e  t h e  b a s i c  u n i t y  of t h e  e n t i r e  t h e o r e t i c a l  desc r ip t ion  of  
t h e  s o l a r  wind and i t s  i n t e r a c t i o n  with t h e  geomagnetic f i e l d .  F ina l ly ,  
ex tens ive  d iscuss ions  of t h e  i n t e r n a l  cons is tency  of  t h e  theory and t h e  degree 
t o  which t h e  r e s u l t s  correspond t o  condi t ions  observed i n  space a r e  included 
f o r  t h e  purpose of  provid ing  an understanding of  t h e  o v e r a l l  r e l i a b i l i t y  of 
t h e  theory.  

Boston College,  Massachuset ts ,  June 19-28, 1967. 
*Presented a t  t he  Summer I n s t i t u t e  f o r  Physics o f  t h e  Magnetosphere, 
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THE SOLAR W I N D  

Before embarking on t h e  major t o p i c  o f  t h i s  paper ,  t h e  i n t e r a c t i o n  of t h e  
s o l a r  wind and t h e  E a r t h ' s  magnetosphere, l e t  us review t h e  b a s i c  p r o p e r t i e s  
and i d e a l i z a t i o n s  of t h e  s o l a r  wind i t s e l f ,  many of  which a r e  summarized i n  
f i g u r e  1. F i r s t  of a l l ,  i t  should b e  recognized t h a t  it i s  t h e  s o l a r  wind 
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F i g u r e  1 . -  The s o l a r  wind - a hype r son ic  g a l e  i n  i n t e r p l a n e t a r y  space .  

with i t s  nominal v e l o c i t y  of 300 t o  800 km/sec, and not  t h e  E a r t h ' s  30 km/sec 
motion i n  i t s  o r b i t  around t h e  Sun, t h a t  p rovides  t h e  dominant con t r ibu t ion  t o  
the  r e l a t i v e  motion of t h e  Earth and t h e  i n t e r p l a n e t a r y  plasma. In  many ways, 
we may think of t h e  s o l a r  wind as a hypersonic  g a l e  t h a t  blows through i n t e r -  
p l ane ta ry  space.  
s ide red  t o  r e s u l t  from fo rces  i n  t h e  i n t e r i o r  of t h e  Sun t h a t  a r e  too l a r g e  t o  
be constrained by t h e  f e e b l e  p re s su re  t h a t  can be  imposed by t h e  tenuous cool 
gas of t h e  i n t e r s t e l l a r  medium. As t h e  immediate source of t h e  s o l a r  wind, we 
may look t o  t h e  unsteady condi t ions  i n  t h e  r e l a t i v e l y  cool v i s i b l e  su r face ,  
o r  photosphere,  of t h e  Sun. Here a r e  t o  be  found a wide spectrum of acous t i -  
c a l ,  hydromagnetic, and i n t e r n a l  g r a v i t y  waves t h a t  grow tremendously i n  
amplitude as  they propagate  upward i n t o  an atmosphere of diminishing d e n s i t y .  
The d i s s i p a t i o n  of t h e s e  waves, e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  a f t e r  t h e i r  cu l -  
mination i n  shock waves, r e s u l t s  i n  a s u b s t a n t i a l  depos i t i on  of  energy gener- 
a l l y  be l ieved  t o  be  s u f f i c i e n t  t o  account f o r  t h e  high temperature  of t h e  
s o l a r  corona r e l a t i v e  t o  t h e  photosphere.  Since t h e  energy i s  being 
deposi ted i n  t h e  form of h e a t  a t  a g r e a t e r  r a t e  than can be t r anspor t ed  away 
by r a d i a t i o n  o r  thermal conduction, convection i n  t h e  form of t h e  s o l a r  wind 
ensues.  
t he  order  of 1 km/sec o r  less i n  t h e  lower corona, and inc reases  s t e a d i l y  with 
increas ing  d i s t ance  from t h e  Sun u n t i l  i t s  u l t i m a t e  v e l o c i t y  i s  a t t a i n e d  
beyond a few t ens  of s o l a r  r a d i i .  
t he  s o l a r  magnetic f i e l d ,  s t r e t c h i n g  t h e  l i n e s  of  f o r c e  outward through t h e  
s o l a r  system and enhancing t h e  s t r e n g t h  of t h e  i n t e r p l a n e t a r y  f i e l d  f a r  beyond 

From an o v e r a l l  p o i n t  of view, t h e  s o l a r  wind may be con- 

The average flow s t a r t s  gradual ly  wi th  i n s i g n i f i c a n t  v e l o c i t i e s  of 

The expanding coronal  gas c a r r i e s  with i t  
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what it would b e  i n  a s t a t i o n a r y  atmosphere o r  a vacuum. 
values  f o r  t h e  p r o p e r t i e s  of  t h e  s o l a r  wind i n  t h e  v i c i n i t y  of  t h e  Ear th ' s  
o r b i t  are summarized i n  t h e  box i n  t h e  cen te r  of  f i g u r e  1. 

Representat ive 

A t  g r e a t  d i s t ances  from t h e  Sun, t h e  s o l a r  wind must merge somehow i n t o  
t h e  i n t e r s t e l l a r  medium. Although t h e  d i s t r i b u t i o n  of i n t e r s t e l l a r  gas ,  and 
i t s  degree o f  i o n i z a t i o n ,  i s  both very nonuniform and unce r t a in ly  determined, 
temperatures and d e n s i t i e s  of t h e  o rde r  of those  i n d i c a t e d  on f i g u r e  1 a r e  
f requent ly  quoted ( see ,  f o r  i n s t ance ,  Kaplan, 1966). I t  i s  genera l ly  presumed, 
although on t h e  b a s i s  of  scanty  evidence, t h a t  a s t and ing  shock wave w i l l  
develop through which t h e  supersonic  v e l o c i t i e s  o f  t h e  s o l a r  wind w i l l  decel-  
e r a t e  abrupt ly  and become subsonic .  Estimates of t h e  l o c a t i o n  of t h i s  termi-  
n a l  shock wave are very u n c e r t a i n  a t  t h i s  t i m e .  I t  i s  usua l ly  p laced  i n  t h e  
range from 50 t o  100 AU.  A no tab le  except ion ,  however, i s  t h e  value of 2 AU 
suggested by Brandt (1962) on t h e  b a s i s  of  h i s  a n a l y s i s  o f  t h e  d i r e c t i o n s  of 
comet t a i l s  ( see  Bel ton,  Brandt,  and Hodge (1963) and Brandt (1967) f o r  l a t e r  
comments). One aspec t  of t h i s  terminal  shock wave t h a t  does not  appear t o  
have been adequately considered i n  t h e s e  d iscuss ions  i s  t h a t  t h e  temperature 
a t t a i n e d  by t h e  gas behind t h e  terminal  shock wave is  f a r  i n  excess o f  t h e  
temperatures quoted above f o r  t h e  i n t e r s t e l l a r  medium. Whether t h e  gas cools  
gradual ly  as i t  cont inues t o  flow subsonica l ly  away from t h e  Sun by means of 
some process  such as r a d i a t i o n  no t  normally included i n  t h e  ana lys i s  of t h e  
s o l a r  wind, remains a t  high temperature throughout a s p h e r i c a l  s h e l l  termi-  
na ted  a t  s t i l l  g r e a t e r  h e l i o c e n t r i c  d i s t ances  by a second shock advancing 
through t h e  i n t e r s t e l l a r  medium, o r  behaves i n  some o t h e r  manner a l t o g e t h e r  
remains e s s e n t i a l l y  unknown. I t  may be ,  on t h e  o t h e r  hand, t h a t  t h e  super-  
son ic  s o l a r  wind te rmina tes  without  t he  i n t e r v e n t i o n  o f  a shock wave i n  t h e  
manner suggested r e c e n t l y  by Faus (1966) through t h e  a c t i o n  of  nonadiaba t ic  
t r a n s f e r  o f  k i n e t i c  energy t o  t h e  i n t e r s t e l l a r  medium i n  a roughly cons tan t  
p re s su re  process  t h a t  t akes  p l ace  between about 1 t o  3 . 5  AU. 

Although geomagnetic evidence had long be fo re  l e d  t o  t h e  b e l i e f  t h a t  
s o l a r  plasma was p ro jec t ed  a l l  t h e  way t o  t h e  E a r t h ' s  o r b i t  and beyond, both 
occas iona l ly  from f l a r e s  and more s t e a d i l y  i n  l o c a l i z e d  "M" region beams, t h e  
modern d iscuss ion  o f  t h e  s o l a r  wind begins  with Biermann's (1951, 1957) analy-  
sis  of t h e  behavior  of  ion ized  comet t a i l s .  
more r ecen t  comet, Ikeya-Seki,  ob ta ined  a t  t h e  Mojave Tracking S t a t i o n  i s  
shown i n  f i g u r e  2 .  C lea r ly  v i s i b l e  a r e  t h e  head o f  t h e  comet nea r  t h e  horizon 
a t  t h e  bottom o f  t h e  photograph and t h e  extremely e longated  t a i l .  Although i t  
had become customary t o  a s c r i b e  t h e  a n t i s o l a r  d i r e c t i o n  of  cometary t a i l s  t o  
r a d i a t i o n  p res su re  of s u n l i g h t ,  Biermann showed t h i s  explana t ion  t o  be  inade- 
quate  i n  many r e s p e c t s ,  and proposed i n  i t s  p l a c e  t h e  concept of  an approxi- 
mately r a d i a l  high-speed flow of  ion ized  gas from a l l  p a r t s  of  t h e  Sun a t  a l l  
t imes.  
t h a t  o f  f i g u r e  2 ,  s ince t h e  genera l  e f f e c t  i s  very remindful of  smoke from a 
smudge pot  o r  of  a wind sock i n  a s t rong  and s t eady  wind. 

An outs tanding  photograph o f  a 

I t  i s  n o t  d i f f i c u l t  t o  accept  t h i s  explana t ion  of  a photograph l i k e  

Although t h e  s o l a r  corona i s  not  normally v i s i b l e  because of t h e  over- 
whelming b r i l l i a n c e  of t h e  l i g h t  from t h e  photosphere,  it i s  c l e a r l y  v i s i b l e ,  
even t o  t h e  unaided eye,  a t  t h e  t i m e  of  a t o t a l  e c l i p s e  of t h e  Sun by t h e  
Moon. A s  a r e su l t ,  much of what i s  known about t h e  s o l a r  corona has been 
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GMT 12h 55-59m 

Figure  2 . -  Comet Ikeya-Seki - October 29, 1965 

learned from observa t ions  made during t h e  few minutes du ra t ion  of  such events .  
I n  more r ecen t  y e a r s ,  such observa t ions ,  p a r t i c u l a r l y  of  t h e  p a r t s  c l o s e r  t o  
t h e  Sun, have been augmented by those  taken a t  o t h e r  times with t h e  a i d  of a 
coronagraph, a t e l e scope  system f i t t e d  with s p e c i a l  obscuring equipment 
invented by Lyot i n  1937. 
during t h e  e c l i p s e  of May 30, 1965, from a NASA Convair 990 j e t  a i r l i n e r  a t  
38,000 feet a l t i t u d e  (Smith, Henderson, and Torrey,  1967). C lea r ly  v i s i b l e  

Figure 3 shows a photograph of  t h e  corona taken 

Figure  3 . -  S o l a r  corona dur ing  e c l i p s e  o f  May 30, 1965, from NASA CV-990 a i r c r a f t  a t  38,000 f e e t .  
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beyond t h e  d i sk  of  t h e  Moon are t h e  p o l a r  r ays ,  s imi la r  i n  shape t o  t h e  mag- 
n e t i c  l i n e s  of f o r c e  a t  t h e  po le s  of  a magnetized sphere .  More i n t e r e s t i n g  
from t h e  p re sen t  po in t  of view i s  t h e  l a r g e  outward ex tens ion  of t h e  corona 
from t h e  e q u a t o r i a l  and middle l a t i t u d e s .  
extend only a few s o l a r  r a d i i  i n  t h i s  photograph, o t h e r  photographs taken dur- 
i ng  o t h e r  e c l i p s e s  have shown r a t h e r  similar f e a t u r e s  v i s i b l e  t o  d i s t ances  as 
much as f i v e  o r  t e n  times f a r t h e r  from t h e  Sun. Observat ions i n d i c a t e  t h a t  
t h e  coronal gas i n  these  plumes i s  both somewhat h o t t e r  and many times denser  
than over  t h e  po le s .  

Although t h e s e  plumes appear t o  

In  s p i t e  o f  t h e  obvious dev ia t ions  from s p h e r i c a l  symmetry i n  t h e  s o l a r  
corona, and presumably i n  t h e  s o l a r  wind as well ,  t h e  theory of  t h e  s o l a r  wind 
is  genera l ly  based f o r  reasons of mathematical t r a c t a b i l i t y  on t h e  assumption 
of r a d i a l l y  symmetric flow. The elements of t h i s  theory ,  which was i n i t i a l l y  
presented  by P a r k e r  (1958) and summarized i n  more developed form by P a r k e r  
(1963, 1965), Lust (1963, 1965), Scar f  (1964), Dess le r  (1967), and o t h e r s ,  i s  
ou t l ined  i n  f i g u r e  4.  Perhaps t h e  most fundamental concept i s  t h a t  of  t r ea t -  
ing  the  s o l a r  wind, even as i t  becomes extremely r a r e f i e d  fa r  beyond t h e  o r b i t  

AD I AB AT I C 
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(STEADY RADIALLY SYMMETRIC FLOW) 
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Figure 4.- Elements of s o l a r  wind t heo ry  (Parker ,  1958) 

of t h e  Ear th ,  as an ord inary  continuum gas .  The b a s i c  equat ions a r e  thus  t h e  
con t inu i ty ,  momentum, and energy equat ions of  gasdynamics f o r  a r a d i a l l y  sym- 
met r ic  outflow of a p e r f e c t  gas from a centered  g r a v i t a t i o n a l  f i e l d .  The 
f irst  two of t h e s e  are i n d i c a t e d  on f i g u r e  4,  i n  which p is  t h e  dens i ty ,  v 
the  v e l o c i t y ,  and p t h e  p re s su re  of t h e  s o l a r  wind, r i s  t h e  h e l i o c e n t r i c  
d i s t ance ,  % = 2x1033 gm i s  t h e  mass of  t h e  Sun, and 
is  the  g r a v i t a t i o n a l  cons tan t .  Lack of understanding of  a l l  con t r ibu t ions ,  
such as t h a t  of propagat ing waves, t o  t h e  energy f l u x  prec ludes  w r i t i n g  a 
r e l i a b l e  energy equat ion t o  complete t h e  system. In i t s  p l ace ,  a v a r i e t y  of  
s u b s t i t u t e s  have been employed. Among t h e  s imples t  are t h e  extremes of  i s o -  
thermal flow w i t h i n  t h e  f i rs t  few s o l a r  r a d i i  from t h e  Sun, and a d i a b a t i c  flow 
beyond. 
(p/po)/(p/po)", i n  which a i s  an a r b i t r a r y  cons t an t .  The boundary 

G = 6 . 6 7 ~ 1 0 - ~  cm3/gm sec2 

Next i n  s i m p l i c i t y  i s  t h e  gene ra l i za t ion  t o  a p o l y t r o p i c  r e l a t i o n  
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condi t ions  usua l ly  employed wi th  t h e s e  equat ions are suppl ied  by s e l e c t i n g  
r e p r e s e n t a t i v e  va lues ,  such as those  i n d i c a t e d  on f i g u r e  1, f o r  t h e  temperature 
and dens i ty  a t  t h e  base  of  t h e  corona, and by r e q u i r i n g  t h a t  t h e  v e l o c i t y  be  
supersonic ,  o r  t h e  temperature o r  p re s su re  approach zero,  a t  very g r e a t  d i s -  
tances  from t h e  Sun. To t h e s e  must b e  added t h e  requirement t h a t  t h e  t r a n s i -  
t i o n  from subsonic  t o  supersonic  flow must be achieved with a continuous 
a c c e l e r a t i o n .  If t h i s  condi t ion  i s  not  observed, a forbidden expansion shock 
wave through which t h e  entropy would decrease  would b e  permi t ted  by t h e  
governing equat ions .  

Although t h e  equat ions f o r  t h e  flow of t h e  s o l a r  wind are those  of  gas- 
dynamics, i t  has been recognized from t h e  o u t s e t  t h a t  t h e  gas i s  f u l l y  
ion ized ,  and t h a t  t h e  r e l a t i v e l y  weak i n t e r p l a n e t a r y  magnetic f i e l d  would be  
convected about by t h e  s o l a r  wind. Combination of  t h e  r a d i a l l y  symmetric ou t -  
flow of  t he  gas with t h e  approximately 27-day r o t a t i o n  pe r iod  of t h e  f e e t  of 
t h e  f i e l d  l i n e s  anchored i n  t h e  s o l a r  s u r f a c e  leads  through t h i s  concept,  f o r -  
malized by the  r e l a t i o n  on t h e  bottom of f i g u r e  4 f o r  t h e  d i r e c t i o n  of t h e  
magnetic f i e l d  e i n  terms of  t h e  v e l o c i t y  y of  t h e  s o l a r  wind and t h e  
angular  v e l o c i t y  ~0 of t h e  Sun, t o  an understanding of t h e  normal s p i r a l  
"hose-angle" conf igura t ion  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  Although t h e  
conf igura t ion  of  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i s  thus  p r imar i ly  d e t e r -  
mined by and secondary t o  t h e  gas flow, it i s  of  v i t a l  importance i n  guiding 
and d e f l e c t i n g  t h e  motion of  t he  r e l a t i v e l y  rare ,  b u t  very e n e r g e t i c ,  par -  
t i c l e s  t h a t  c o n s t i t u t e  t h e  g a l a c t i c  and s o l a r  cosmic r a y s .  

In t roduct ion  o f  t h e  po ly t rop ic  p re s su re -dens i ty  law permits  i n t e g r a t i o n  
i n  a n a l y t i c  form of  t h e  equat ions f o r  t h e  s o l a r  wind shown on f i g u r e  4 .  
P a r k e r  (1963) has shown t h a t  t h e  s o l u t i o n  i n d i c a t e s  t h e  v e l o c i t y  w i l l  go t o  
zero near  t h e  Sun only i f  t h e  p o l y t r o p i c  index ct i s  l e s s  than  3/2.  Further-  
more, t h e  s o l u t i o n  can only be extended t o  i n f i n i t y  i f  t h e  r a t i o  
Ropo/GMo = 2RonokTo/GM@o of  t h e  thermal energy t o  t h e  g r a v i t a t i o n a l  poten- 
t i a l  energy a t  t h e  base  of  t h e  corona i s  g r e a t e r  than (ct-l) /a.  The q u a n t i t y  
Ro r ep resen t s  t h e  h e l i o c e n t r i c  d i s t ance  t o  t h e  assumed base  of t h e  corona, 
and n r ep resen t s  t h e  number dens i ty  of t h e  i o n s .  For f u l l y  ion ized  hydrogen, 
n = p / m p  i n  which 
showed t h a t  Ropo/GP@o must no t  exceed 1/2a s i n c e  no s t a t i o n a r y  s o l u t i o n  
e x i s t s  beyond t h i s  l i m i t .  I f  t h e  thermal energy should exceed 1/2a t imes t h e  
g r a v i t a t i o n a l  p o t e n t i a l  energy a t  t h e  base  of t h e  corona, expansion of  a more 
explos ive  cha rac t e r  would presumably occur .  Within t h e s e  l i m i t s ,  t h e r e  s t i l l  
remains a s u b s t a n t i a l  family of  s o l u t i o n s ,  each of which involves  extended 
hea t ing  s i n c e  ct < 5 / 3 .  

= 1 . 6 7 ~ 1 0 - ~ ~  gm i s  t h e  mass of a pro ton .  P a r k e r  a l s o  

I n t e g r a l  curves r ep resen t ing  t h e  s o l u t i o n ,  f o r  a p o l y t r o p i c  index ct 
with in  the  above bounds, f o r  t h e  v a r i a t i o n  of t h e  abso lu te  va lue  of  t h e  veloc-  
i t y  v of t he  s o l a r  wind with d i s t ance  r from t h e  Sun a r e  i l l u s t r a t e d  i n  
f igu re  5. The s i n g u l a r i t y  i n  t h e  s o l u t i o n  a t  t h e  p o i n t  where t h e  two heavy 
i n t e g r a l  curves c ross  occurs  where t h e  v e l o c i t y  i s  equal  t o  t h e  speed of 
sound. I t  i s  usua l ly  loca t ed  wi th in  a few s o l a r  r a d i i  of t h e  Sun when repre-  
s e n t a t i v e  values  are used f o r  t h e  boundary cond i t ions .  Various of t h e s e  
curves,  with e i t h e r  p lus  o r  minus s i g n  on v t o  r ep resen t  outflow o r  inf low,  
have been used a t  one time o r  another  t o  exp la in  o r  propose s i g n i f i c a n t  
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i n t e r p l a n e t a r y  phenomena. 

V a GMoP, G Mopo 2a of  Bondi (1952) of s teady  
Q-l< R, Po - 2RonokTp I Ear l ies t  i s  t h e  i n v e s t i g a t i o n  < -  FOR I I 0 I3/2, 

s p h e r i c a l l y  symmetric accre-  
BONDI'S STELLAR D t i o n  by a s ta r  of a p e r f e c t  

i n t e r s t e l l a r  gas considered t o  
b e  a t  rest  a t  i n f i n i t y .  He 
s e l e c t e d ,  t he re fo re ,  t h e  i n d i -  
ca t ed  heavy curve t o  r ep resen t  
an acc re t ion  flow t h a t  smoothly 
a c c e l e r a t e s  from subsonic  
speeds a t  i n f i n i t y  t o  super-  
s o n i c  speeds n e a r e r  t h e  Sun. 

f e a t u r e  of  a s tanding  shock 
wave t o  te rmina te  t h e  super-  
s o n i c  flow before  it reached 
t h e  s e n s i b l e  su r face  of t h e  
s tar .  

CHAMBERLAIN'S 
SOLAR BREEZE McCrea (1956) l a t e r  added t h e  

r ro 

Figure 5.- Sketch of solutions for variation of 
solar wind velocity with distance from Sun. 

In  t h e  s o l a r  system, how- 
eve r ,  Biermann's ana lys i s  of 

t he  behavior  of comet t a i l s  was meanwhile s t r o n g l y  sugges t ing  t h a t  t h e  flow 
was not only outward from t h e  Sun, bu t  a t  high speed. In  view of t h i s ,  and 
a l s o  t h e  smallness  of  t h e  conf in ing  p res su re  t h a t  could be  maintained by t h e  
very tenuous i n t e r s t e l l a r  gas ,  and t h e  even more tenuous,  although e n e r g e t i c ,  
cosmic-ray gas ,  Parker  considered outflow and s e l e c t e d  t h e  ind ica t ed  heavy 
i n t e g r a l  curve t o  r ep resen t  a continuous a c c e l e r a t i o n  of t h e  s o l a r  gas from 
subsonic  speeds near  t h e  Sun t o  supersonic  speeds f a r t h e r  away. Although prec-  
edents  were numerous i n  gasdynamics as w e l l  as o t h e r  f i e l d s ,  t h e o r e t i c a l  objec-  
t i o n s  were r a i s e d  by Chamberlain (1961) t o  t h e  s e l e c t i o n  of an i n t e g r a l  curve 
t h a t  passes  through t h e  s i n g u l a r  p o i n t .  H e  advocated i n s t e a d  s e l e c t i o n  of one 
of t h e  lower s e t  of curves t h a t  go t o  zero both a t  t h e  o r i g i n  and a t  i n f i n i t y ,  
and never  a t t a i n  s o n i c  v e l o c i t y  a t  any p o i n t .  Because t h e  r e s u l t i n g  flow i s  
about 10 times s lower a t  t h e  E a r t h ' s  o r b i t  than t h a t  i n d i c a t e d  by Parker ' s  
solar-wind theory,  t h e  r e s u l t s  were r e f e r r e d  t o  as Chamberlain's so l a r -b reeze  
theory.  Although it was d i f f i c u l t  t o  determine d e f i n i t i v e l y  t h e  r e l a t i v e  
merits of t h e  two proposa ls  a t  t h e  t ime, d a t a  obta ined  wi th  many spacec ra f t  
subsequently have confirmed dec i s ive ly  t h a t  t h e  supersonic  s o l u t i o n  chosen by 
Parker i s  t h e  appropr i a t e  one f o r  a t  l e a s t  t h e  p o r t i o n  of  t h e  s o l a r  system 
wi th in  t h e  o r b i t  o f  Mars, a t  approximately 1 .5  AU. 

Figure 6 shows one of t h e  f i r s t  r e s u l t s  t o  emerge from Parke r ' s  s tudy of 
t he  s o l a r  wind, t h e  run of v e l o c i t y  wi th  d i s t a n c e  from t h e  Sun f o r  a v a r i e t y  
of ass igned coronal  temperatures .  Although t h e  c a l c u l a t i o n s  were made with 
t h e  overs impl i f ied  assumption of i so thermal  flow, t h e  r e s u l t s  show two charac- 
t e r i s t ics  t h a t  have remained e s s e n t i a l l y  unchanged i n  a l l  subsequent r e f i n e -  
ments of solar-wind theory .  They a r e  t h a t  the s o l a r  wind accomplishes most of 
i t s  a c c e l e r a t i o n  w i t h i n  t h e  f i rs t  10 o r  20 s o l a r  r a d i i ,  and t h a t  v e l o c i t i e s  of 
t h e  o rde r  of s e v e r a l  hundred k i lometers  p e r  second a t  t h e  o r b i t  of Earth are 
compatible with coronal  temperatures  of t h e  o r d e r  of a few m i l l i o n  degrees 
Kelvin . 
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Figure  6 . -  E f f e c t  o f  coronal  tempera ture  on s o l a r  wind v e l o c i t y  - 
i so thermal  model (Pa rke r ,  1958, 1963) .  

Many ref inements  and e l abora t ions  of  t h e  theory  of  t h e  s o l a r  wind have 
been made during t h e  years  s i n c e  i t s  f i rs t  announcement. Although it i s  no t  
t h e  purpose of  t h i s  paper  t o  p re sen t  a comprehensive review o f  t h e  theory of 
t h e  s o l a r  wind, a b r i e f  o u t l i n e  of some of  t h e  s a l i e n t  f e a t u r e s  of  success ive  
developments of t h e  theory i s  presented  i n  f i g u r e  7.  F i r s t  of a l l ,  we may 
no te  t h a t  nea r ly  a l l  t h e o r i e s  of  t h e  s o l a r  wind a r e  based on t h e  equat ions of 
a one-component p e r f e c t  gas .  The ea r l i e s t  and s imples t  ve r s ion  of t h e  theory 
was based on t h e  assumptions of  i so thermal  flow f o r  t h e  first s e v e r a l  s o l a r  
r a d i i ,  and a d i a b a t i c  flow t h e r e a f t e r  t o  i n f i n i t y .  S ince  t h e  maintenance o f  a 
cons tan t  temperature i n  an expanding gas r e q u i r e s  a s u b s t a n t i a l  supply of hea t  
throughout t h e  isothermal  reg ion ,  t h i s  ve r s ion  of  t h e  theory may be charac te r -  
i z e d  as having an extended h e a t i n g  r eg ion .  
suppl ied  t o  maintain t h e  flow i s  even more ex tens ive  i n  t h e  vers ions  of t h e  
theory t h a t  employ t h e  p o l y t r o p i c  p re s su re -dens i ty  r e l a t i o n s h i p  because t h e  
divergence of t h e  energy f l u x  i s  p ropor t iona l  t o  5 - 313, and i s  hence p o s i t i v e  
f o r  a l l  a < 5/3. 
from t h e  Sun t o  i n f i n i t y ,  with e i t h e r  cons tan t  o r  v a r i a b l e  c1 < 5/3, t h e  
ex ten t  of t h e  implied hea t ing  reg ion  may b e  very l a r g e  indeed. 

The reg ion  i n  which h e a t  must be 

Since t h e  p o l y t r o p i c  theory i s  o f t en  employed a l l  t h e  way 

ONE FLUID THEORIES 
+ ,EXTENDED HEATING REGION 

ISOTHERMAL + ADIABATIC 
POLYTROPIC PRESSURE-DENSITY RELATIONSHIP - "" - - CONST 

Q =  CONST ( P/Po 1" 
a =  f ( r )  

,THIN HEATING REGION 
HEAT CONDUCTION 
HEAT CONDUCTION + VISCOSITY 
HEAT CONDUCTION + VISCOSITY + ROTATION + MAGNETIC +. 

TWO FLUID THEORY 
HEAT CONDUCTION . . . . .  

Figure  7 . -  Success ive  developments i n  s o l a r  wind theo ry .  
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Although t h e  damping of waves t h a t  a r e  s imultaneously tending  t o  grow i n  
amplitude as they propagate  away from t h e  Sun i n t o  a reg ion  of  diminishing 
dens i ty  has always remained a poss ib l e  mechanism f o r  t h e  product ion of t h e  
requi red  h e a t ,  e a r l y  e s t ima tes  suggested t h e  p o s s i b i l i t y  t h a t  thermal conduc- 
t i o n  may be t h e  p r i n c i p a l  process ,  i n  add i t ion  t o  convection by t h e  s o l a r  wind, 
by which energy i s  conveyed from t h e  wave-damping region t o  h ighe r  po r t ions  of 
t h e  corona. According t o  t h i s  view, it i s  considered t h a t  t h e  shock waves 
t h a t  provide t h e  p r i n c i p a l  hea t ing  of t h e  corona are,  i n  e f f e c t ,  absorbed com- 
p l e t e l y  i n  a t h i n  hea t ing  reg ion  i n  t h e  lower p a r t  of t h e  corona, and t h a t  t h e  
thermal conduct iv i ty  o f  t h e  hot  coronal gases i s  s u f f i c i e n t l y  g r e a t  t h a t  t h e  
hea t  requi red  a t  g r e a t e r  d i s t ances  t o  d r i v e  t h e  s o l a r  wind can be  suppl ied  by 
hea t  conduction. La ter  ref inements  of t h i s  approach have been t o  add e f f e c t s  
of  v i s c o s i t y ,  r o t a t i o n ,  and magnetic f i e l d s ,  b u t  t h e s e  do not  u sua l ly  a l t e r  
t h e  p r i n c i p a l  f e a t u r e s  of t h e  flow t o  any s u b s t a n t i a l  degree.  

I t  has been customary i n  t h e  t h e o r i e s  of t h e  s o l a r  wind t h a t  inc lude  
e f f e c t s  of thermal conduction and/or  v i s c o s i t y  t o  use  t h e  express ions  given by 
S p i t z e r  (1956, 1962) t o  c a l c u l a t e  t h e  t r a n s p o r t  c o e f f i c i e n t s .  The a n a l y s i s  
leading t o  t h e s e  expressions a l s o  i n d i c a t e s  t h a t  t h e  e q u i p a r t i t i o n  time 
requi red  f o r  protons and e l e c t r o n s  t o  reach t h e  same temperature  tends t o  b e  
of t h e  o rde r  of a year  when condi t ions  r e p r e s e n t a t i v e  of those  a t  t h e  E a r t h ' s  
o r b i t  a r e  used. Using t h i s  r e s u l t ,  S tur rock  and H a r t l e  (1966) have observed 
t h a t  one should expect  t h e  pro ton  and e l e c t r o n  temperatures  t o  be  q u i t e  d i f f e r -  
e n t  i n  t h e  s o l a r  wind, and proceeded t o  develop a two-f lu id  model t o  allow f o r  
t h i s  e f f e c t .  Although d a t a  from Vela I1 s a t e l l i t e  (Strong,  Asbridge, Bame, 
Heckman, and Hundhausen, 1966) show t h a t  l a r g e  d i f f e rences  between t h e  temper- 
a t u r e s  of t h e  protons and e l e c t r o n s  may occas iona l ly  occur  i n  t h e  s o l a r  wind, 
t h e  temperatures measured most of t h e  time t end  t o  be i n  b e t t e r  agreement with 
t h e  p red ic t ions  of t h e  prev ious  s i n g l e - f l u i d  t h e o r i e s  than  with those  of t h e  
two-f lu id  theory .  S tur rock  and H a r t l e  o f f e r  s e v e r a l  sugges t ions  t o  account 
f o r  t h e  apparent hea t ing  of t h e  solar-wind pro tons  by a nonthermal energy 
source ope ra t ive  i n  i n t e r p l a n e t a r y  space as f a r  out  from t h e  Sun as t h e  
Ea r th ' s  o r b i t .  The p o s s i b i l i t y  they p r e f e r  i s  t h a t  pro tons  a r e  hea ted  by s t o -  
c h a s t i c  a c c e l e r a t i o n  fol lowing t h e  development of tu rbulence  i n  t h e  s o l a r  wind 
by an unspec i f ied  i n s t a b i l i t y  mechanism. 

MATHEMATICAL REPRESENTATION OF THE INTERACTION OF THE SOLAR W I N D  
AND THE GEOMAGNETIC F I E L D  

J u s t  as i n  t h e  case of t h e  s o l a r  wind i t s e l f ,  t h e  fundamental assumption 
upon which t h i s  d i scuss ion  i s  based i s  t h a t  t h e  average bulk p r o p e r t i e s  of t h e  
flow can be descr ibed  adequately by t h e  continuum equat ions  f o r  a p e r f e c t  gas .  
No at tempt  w i l l  b e  made he re  t o  j u s t i f y  t h i s  assumption i n  d e t a i l ,  except  t o  
remark t h a t  t h e  presence of  a weak and i r r e g u l a r  magnetic f i e l d  i n  t h e  i n c i -  
dent solar-wind plasma appears t o  be  s u f f i c i e n t  t o  couple t h e  motions of t h e  
p a r t i c l e s  even i n  t h e  absence of  c o l l i s i o n s ,  and t h a t  numerous d a t a  obta ined  
i n  space d i s p l a y  outs tanding  agreement wi th  r e s u l t s  c a l c u l a t e d  on t h i s  b a s i s .  
Because of t h e  important r o l e  of t h e  magnetic f i e l d  of  t h e  Earth i n  t h e  i n t e r -  
a c t i o n  with t h e  s o l a r  wind, t h e  s imples t  mathematical model capable  of 
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adequate d e s c r i p t i o n  of  many of t h e  dominant f e a t u r e s  i s  t h a t  provided by t h e  
s tandard  magnetohydrodynamic equat ions f o r  s t eady  flow of a d i s s i p a t i o n l e s s  
p e r f e c t  gas ( S p r e i t e r ,  Summers, and Alksne, 1966). 

The governing d i f f e r e n t i a l  equat ions a r e  thus  as i l l u s t r a t e d  i n  f i g u r e  8. 
The symbols p ,  p ,  S ,  and refer  t o  t h e  dens i ty ,  p re s su re ,  entropy,  and 
v e l o c i t y  of t h e  gas ,  
i n  which 

r e f e r s  t o  t h e  magnetic f i e l d ,  and y = %/cv = ( N  + 2 ) / N  
cp and cv are cons tan ts  r ep resen t ing  t h e  s p e c i f i c  h e a t s  a t  cons tan t  

DIFFERENTIAL EQUATIONS 4 
SOLAR EARTH 
WIND 

Figure 8 . -  Hydromagnetic equat ions  for s t eady  flow of a d i s s i p a t i o n l e s s  p e r f e c t  g a s .  

pres su re  and cons tan t  volume, and N r ep resen t s  t h e  number of  degrees  of f r e e -  
dom of t h e  gas p a r t i c l e s .  F o r  a monatomic gas ,  N = 3,  and y = 5/3.  The t e m -  
pe ra tu re  T i s  r e l a t e d  t o  t h e  p re s su re  and dens i ty  by t h e  equat ion  of  s t a t e ,  
p = pRT/p ,  i n  which R = <cp - cv> ~ . l  = 8 . 3 1 5 ~ 1 0 ~  ergs/gm OK 
gas cons tan t ,  and 1-1 i s  t h e  mean molecular weight nondimensionalized s o  t h a t  
1-1 = 16 f o r  atomic oxygen. Thus 1-1 = 1 / 2  f o r  f u l l y  ion ized  hydrogen plasma. 
The electromagnet ic  p a r t s  of  t h e s e  equat ions a r e  expressed i n  terms of gaus- 
s i a n  u n i t s .  S ince  5 = ,B i n  such u n i t s ,  t h e s e  two symbols w i l l  be  used i n t e r -  
changeably i n  t h i s  paper  i n  o rde r  t o  f a c i l i t a t e  f u r t h e r  comparisons wi th  t h e  
o r i g i n a l  sources .  

i s  t h e  un ive r sa l  

Although only f i r s t  d e r i v a t i v e s  appear i n  t h e  system of  d i f f e r e n t i a l  equa- 
t i o n s  shown i n  f i g u r e  8, t h e  neglec ted  d i s s i p a t i v e  terms a r e  descr ibed  by sec-  
ond d e r i v a t i v e s .  The i r  neg lec t  r equ i r e s  t h a t  t h e  g rad ien t s  b e  small. In  
magnetohydrodynamics, as i n  gasdynamics, however, compressions t end  t o  
coa lesce  and s teepen  i n t o  shock waves of such small th ickness  t h a t  they  can be 
considered as v i r t u a l  d i s c o n t i n u i t i e s .  In  a d d i t i o n ,  a t t r a c t i o n  between l i k e  
cu r ren t s  tends t o  cause cu r ren t  d i s t r i b u t i o n s  t o  c o l l a p s e  i n t o  t h i n  shea ths ,  
across  which t h e  magnetic f i e l d  can b e  considered i n  t h e  same sense  t o  be  
nea r ly  d iscont inuous .  Mathematically,  continuous s o l u t i o n s  of t h e  d i s s i p a t i o n -  
l e s s  d i f f e r e n t i a l  equat ions cease t o  e x i s t ,  and t h e  flow i s  no longer  governed 
s o l e l y  by t h e  d i f f e r e n t i a l  equat ions shown on f i g u r e  8.  Mass, momentum, mag- 
n e t i c  f l u x ,  and energy must s t i l l  be  conserved, however, and t h e  conservat ion 
equat ions provided i n  f i g u r e  8 must ho ld  between q u a n t i t i e s  on t h e  two s i d e s  
o f  any such d i s c o n t i n u i t y .  The symbol h i n  t h e  energy equat ion r ep resen t s  
t h e  enthalpy,  which i s  r e l a t e d  t o  t h e  i n t e r n a l  energy e = cvT according t o  
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h = c p T  = cvT + p/p.  
su r f ace  are des igna ted  by 
t i o n s  a r e  ind ica t ed  by s u b s c r i p t s  n and t .  The square  b racke t s  are used t o  
i n d i c a t e  t h e  d i f f e r e n c e  between t h e  enclosed q u a n t i t i e s  on t h e  two s i d e s  of 
t h e  d i s c o n t i n u i t y ,  as i n  [Q] = Q1 - QO where s u b s c r i p t s  0 and 1 r e f e r  t o  
condi t ions on t h e  upstream and downstream s i d e s  of t h e  d i s c o n t i n u i t y .  

Unit vec to r s  normal and t a n g e n t i a l  t o  t h e  d i scon t inu i ty  
I? and t ,  and components of  y and H, i n  t h e s e  d i r e c -  

Five classes of d i s c o n t i n u i t i e s  a r e  descr ibed  by t h e  s o l u t i o n s  of t h e  
conservat ion equat ions .  A s  i nd ica t ed  i n  f i g u r e  9 ,  t hose  t h a t  l i e  along stream- 
l i n e s  (vn = 0) are c a l l e d  t a n g e n t i a l  d i s c o n t i n u i t i e s  o r  contac t  d i s c o n t i n u i t i e s  
according t o  whether o r  no t  t h e  normal component Hn o f  t h e  magnetic f i e l d  

TANGENTIAL 

H V n = H n = O ,  [.Y,t]#O, [ H + I f O ,  [ P ] # O  - 
[p + H2/8.rr]= 0 #<* 

CONTACT Vn=O, H n # O ,  [ x ] = [ H ] = [ P ] = O ,  [ P I f O  sHoc;g P’ HERE 

FAST 

WAVE DISCONTINUITY 
TANGENTIAL ROTATIONAL 

V,= ~ H , / ( ~ T P ) ” ~ ,  [v t ]  [it] / ( 4 7 ~ P ) ’ / ~  

[PI = [ p] = [v,] = [v2] = [H2]= [H,]= 0 

SHOCK WAVES, FAST AND SLOW 

v , f O , [ P ] > O .  [ p ] > o , [ H , ] = O  

(PVn)FAST (PVn)ROT. ’ (PVn)SLOW 
2 INCREASE l i t  and H (DECREASE) THROUGH (l:::) SHOCK WAVES 

Figure 9.- Hydromagnetic discontinuities, 

vanishes .  D i scon t inu i t i e s  across  which t h e r e  i s  flow (vn # 0) are d iv ided  
i n t o  t h r e e  ca t egor i e s  c a l l e d  r o t a t i o n a l  d i s c o n t i n u i t i e s ,  and f a s t  and slow 
shock waves. Some p r o p e r t i e s  t h a t  d i s t i n g u i s h  t h e  var ious  d i s c o n t i n u i t i e s  a r e  
summarized on f i g u r e  9 .  

O f  t h e  var ious  p o s s i b i l i t i e s ,  only t h e  t a n g e n t i a l  d i s c o n t i n u i t y  has prop- 
e r t i e s  compatible with those  r equ i r ed  t o  desc r ibe  a boundary su r face  t h a t  
s epa ra t e s  t h e  geomagnetic f i e l d  and t h e  e x t e r n a l  f low. A s  i n  t h e  c l a s s i c a l  
Chapman-Ferraro theory of t h e  magnetosphere boundary based on p a r t i c l e  con- 
cep t s ,  t h e  condi t ion  Hn = 0 holds  and r equ i r e s  t h a t  t h e r e  i s  no connec t iv i ty  
between t h e  geomagnetic and i n t e r p l a n e t a r y  f i e l d s .  
vn = 0 p r o h i b i t s  flow across  t h e  boundary, a r b i t r a r y  d i f f e r e n c e s  i n  t h e  den- 
s i t y  and t h e  v e l o c i t y  and magnetic f i e l d  components p a r a l l e l  t o  t h e  boundary 
are permi t ted .  I t  is  only r equ i r ed  t h a t  t h e  sum of t h e  gas p re s su re  p and 
t h e  magnetic p re s su re  
d i s c o n t i n u i t y .  

Although t h e  condi t ion  

H2/87r b e  t h e  same on t h e  two s i d e s  of t h e  

Two important  parameters t h a t  c h a r a c t e r i z e  t h e  flow a t  any p o i n t  a r e  t h e  
Mach number M = v/a  and t h e  Alfv6n Mach number MA = v/A. The former i s  t h e  
r a t i o  of t h e  flow v e l o c i t y  t o  t h e  speed of sound 
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The la t ter  i s  t h e  corresponding r a t i o  t o  t h e  speed of  a 
r o t a t i o n a l  o r  Alfvch wave propagat ing  along t h e  d i r e c t i o n  o f  t h e  magnetic 
f i e l d .  Values f o r  a and A f o r  condi t ions  t y p i c a l  o f  t hose  i n  t h e  s o l a r  
wind i n  t h e  v i c i n i t y  of  t h e  E a r t h ’ s  o r b i t  are i l l u s t r a t e d  i n  f i g u r e  10. 
Although i t  i s  p o s s i b l e  for weak d is turbances  t o  t r a v e l  as fast  as 
(a2 + A2)l12, which they  do i n  a d i r e c t i o n  normal t o  t h e  magnetic f i e l d ,  t h e  

A = (H2/47rp)lI2 

SOUND 
a = ( ~ Y R T ) ” ~  
R = 8.315 x 107erg/gm OK 

A L F V ~ N  

p = m p n  
A =(H2 / 4 7 r ~ ) I / ~  

I /  a I /  

0 100,000 0 IO 
T,OK H,  gamma 

MAXIMUM PROPAGATION VELOCITY OF A WEAK 
HYDROMAGNETIC WAVE= (a2 + ~ 2 ) 1 / 2  

F i g u r e  10.-  S i g n i f i c a n t  h y d r o m a g n e t i c  speeds f o r  f u l l y  i o n i z e d  hyd rogen .  

maximum propagat ion speed i s  much less than  t h e  250 t o  800 km/sec speed of t h e  
s o l a r  wind r e l a t i v e  t o  t h e  Ear th .  
s tanding  shock wave must e x i s t  i n  t h e  flow around t h e  Ear th  and i t s  magneto- 
sphere .  
fast shock wave can be  used t o  r ep resen t  t h e  Ea r th ’ s  bow wave, s i n c e  t h e  mass 
flow through each of  t h e  o t h e r s  i s  t o o  small .  

I t  may b e  i n f e r r e d  immediately t h a t  a 

O f  t h e  f i v e  classes of  d i s c o n t i n u i t i e s  o u t l i n e d  on f i g u r e  9 ,  only t h e  

DIFFERENTIAL EQUATIONS 
y*Pv = O  
p ( V * Q ) Y + Q p = - W  

(2.V) s.0 , S-So=C,2n- 
( P/P0)7 

[ P V ~ ]  = o 
[ p v n v + ( p + ~ & ~ A - - ] = ~  

LiE$&w= 1 -tFp,po 

CONSERVATION EQUATIONS 

1-0 

FLUID MOTION 
APPROACHES 

GASDYNAM ICs 
* THAT OF 

MAGNETIC FIELD MOVES 
WITH THE FLUID 

MAGNETIC FIELD 

DIV H = O  

[HnXt - H,t v n ] = O  
[Hnl=o 

( B x y  =o 

F i g u r e  11.- D e c o u p l i n g  of e q u a t i o n s  f o r  l a r g e  Alfvgn 
Mach number MA = ( 4 ~ p v ~ / H ’ ) ’ / ~ .  

An import a n t  s imp 1 i f i cat i on o f  
t h e  magnetohydrodynamic equat ions  
shown on f i g u r e  8 can b e  made on t h e  
b a s i s  of t h e  l a r g e  magnitude of  t h e  
Alfv6n Mach number. This  i s  because 
t h e  o r d e r  of magnitude o f  t h e  i n e r t i a  
term p ( x  !)J i n  t h e  d i f f e r e n t i a l  
equat ion  f o r  t h e  momentum i s  r e l a t e d  
t o  t h a t  o f  t h e  magnetic term 
(1/4.rr)fJ x _CLII~ 5;! by t h e  square of  
t h e  Alfvgn Mach number. When t h e  
l a t t e r  i s  l a r g e ,  t h e r e f o r e ,  t h e  mag- 
n e t i c  term can usua l ly  b e  s a f e l y  
dropped from t h e  equat ion ,  as i n d i -  
ca ted  i n  f i g u r e  11, wi th  l i t t l e  l o s s  
of accuracy.  Although f a c t o r s  of  2 
appear when similar comparisons are 
made o f  t h e  magnetic and i n e r t i a  

1 2  
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terms i n  t h e  conserva t ion  equat ions f o r  t h e  momentum and energy, t h e  genera l  
conclusion t h a t  t h e  magnetic terms may b e  dropped from t h e s e  equat ions when 
t h e  Alfvin Mach number is l a r g e  s t i l l  ho lds .  
both t h e  d i f f e r e n t i a l  equat ions  and t h e  conservat ion equat ions  de f in ing  t h e  
flow are decoupled from those  involv ing  t h e  magnetic f i e l d .  Thus, a l l  t h e  
p r o p e r t i e s  of  t h e  flow except  t h e  magnetic f i e l d  
ing  t h e  equat ions of  gasdynamics, and t h e  magnetic f i e l d  can b e  determined 
subsequent ly  by s o l v i n g  t h e  remaining equat ions us ing  t h e  values  f o r  
a l ready  determined. Although c e r t a i n  ambigui t ies  r e s i d e  i n  t h e  s ta tement ,  t h e  

l i n e s  move wi th  t h e  f l u i d ,  t h e  general  e f f e c t  be ing  e s s e n t i a l l y  similar t o  
t h a t  o f  a l i n e  of  smoke o r  dye r e l e a s e d  a t  some i n s t a n t  i n t o  a medium flowing 
a t  speeds h igh  r e l a t i v e  t o  t h e  d i f f u s i o n  ra te  o f  t h e  contaminant.  In  t h i s  
way, one achieves t h e  same decoupling of t h e  c a l c u l a t i o n  of  t h e  flow from t h a t  
of  t h e  magnetic f i e l d  as was i n d i c a t e d  p rev ious ly  i n  f i g u r e  1 f o r  t h e  s o l a r  
wind i t s e l f .  The main d i f f e r e n c e  i s  t h a t  t h e  equat ions  f o r  t h e  l a t t e r  a r e  
g r e a t l y  s i m p l i f i e d  by r e s t r i c t i o n  t o  r a d i a l l y  symmetric flow, although compli- 
ca t ed  somewhat by t h e  need t o  cons ider  t h e  g r a v i t a t i o n a l  a t t r a c t i o n  of t h e  Sun 
and nonadiaba t ic  flow. 

An immediate consequence i s  t h a t  

can be  determined by so lv -  

v, 
< l a t t e r  equat ions may b e  i n t e r p r e t e d  as i n d i c a t i n g  t h a t  t h e  magnetic f i e l d  

A t  t h e  magnetosphere boundary, a s i m p l i f i c a t i o n  of  g r e a t  p r a c t i c a l  u t i l -  
i t y  can be  made by in t roducing  c e r t a i n  approximations t o  t h e  t a n g e n t i a l  d i s -  
con t inu i ty  cond i t ions .  The b a s i s  f o r  t h e s e  i s  t h e  f a c t  i n d i c a t e d  on f i g u r e  1 2  
t h a t  estimates of t h e  magnitudes of t h e  gas p re s su re  p and t h e  magnetic 
p re s su re  H 2 / 8 ~  show t h a t  p i s  much less than  H2/87r i n  t h e  o u t e r  magneto- 
sphere ,  and t h a t  p tends  t o  b e  much l a r g e r  than H2/8n  i n  t h e  flow around 
t h e  forward p a r t  o f  t h e  magnetosphere. A s  f a r  as t h e  flow e x t e r i o r  t o  t h e  
magnetosphere i s  concerned, t h e  d i s c o n t i n u i t i e s  a t  t h e  magnetosphere boundary 
may thus be  approximated s a t i s f a c t o r i l y  by those  of  t h e  l i m i t i n g  case  of a 
t a n g e n t i a l  d i s c o n t i n u i t y  i n  which t h e r e  i s  a vacuum on one s i d e ,  and no 
magnetic f i e l d  on t h e  o t h e r  s i d e .  

I t  has  a l s o  been shown ( S p r e i t e r ,  Summers, and Alksne, 1966) t h a t  t h e  gas 
p re s su re  of  t h e  flow on t h e  magnetosphere boundary can be  approximated 

(TANGENTIAL DISCONTINUITY) 

MAGNETOSPHERE BOUNDARY 

SHAPE INDEPENDENTLY 
OF FLOW 

v, = H, = 0 

(p+ H2/Bsr)MAG. = (p+$?78%)FLow 
[v,] # 0 ,  [PI # 0 ,  [!+I + 0 

=pS+ cos2 + = KP,,,V~ cos2+ 'K J 
- 

MATHEMATICAL FORMULATION OF FREE -BOUNDARY PROBLEM 
FOR SHAPE OF MAGNETOSPHERE 

EQUIVALENT TO OLDER 
CHAPMAN- FERRARO 
PROBLEM BASED ON 
PARTICLE CONCEPTS 

Figure 1 2 . -  Decoupling of ca lcu la t ions  of magnetosphere shape and surrounding flow. 
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adequately by t h e  s imple Newtonian formula p = pst cos2 $ where $ i s  t h e  
angle  i l l u s t r a t e d  on f i g u r e  1 2  between t h e  outward normal t o  t h e  boundary and 

is  t h e  s t agna t ion  p res su re  exe r t ed  on t h e  nose of  t h e  magnetosphere. The sym- 
b o l s  pa and v, i n  t h e  l a t t e r  express ion  refer t o  t h e  d e n s i t y  and v e l o c i t y  of  
t h e  s o l a r  wind as it  approaches t h e  bow wave. The cons tan t  K i s  usua l ly  
taken t o  be  u n i t y ,  b u t  y i e l d s  b e t t e r  accuracy i f  equated t o  0.88 f o r  y = 5 / 3 .  
I t  i s  i m p l i c i t  i n  t h e  use  of t h i s  express ion  t h a t  cos $ 2 0, s i n c e  otherwise 
t h e  su r face  would b e  sh i e lded  from t h e  flow. The n e t  r e s u l t  o f  t h e  in t roduc-  
t i o n  of  t h e  Newtonian approximation i s  t h a t  t h e  c a l c u l a t i o n  of  t h e  shape of  
t h e  magnetosphere boundary i s  decoupled from t h e  d e t a i l e d  a n a l y s i s  of  t h e  su r -  
rounding flow. O f  f u r t h e r  s i g n i f i c a n c e  is  t h e  fact  t h a t  t h e  r e s u l t i n g  mathe- 
matical problem def ined  he re  on f i g u r e  1 2  i s  i d e n t i c a l  t o  t h a t  o f  t h e  
c l a s s i c a l  Chapman-Ferraro theory  based on q u i t e  d i f f e r e n t  concepts o f  t h e  
ope ra t ive  phys ica l  p rocesses .  

t h e  flow d i r e c t i o n  of  t h e  undis turbed i n c i d e n t  s o l a r  wind, and pst = Kp,v, 2 

In  t h i s  way, t h e  t h e o r e t i c a l  s tudy of t h e  e x t e r n a l  aerodynamics of t h e  
magnetosphere may b e  sepa ra t ed  i n t o  t h r e e  s imple r  p a r t s  without  i n c u r r i n g  
undue e r r o r .  
considered t o  be  t h e  same as ind ica t ed  by t h e  Chapman-Ferraro theory .  Second, 
t h e  flow around t h e  magnetosphere may be determined by so lv ing  t h e  equat ions 
of gasdynamics f o r  flow around t h e  shape given by t h e  s o l u t i o n  of  t h e  Chapman- 
Fer raro  problem. 
magnetosphere may b e  determined by use  of t h e  concept t h a t  t h e  f i e l d  moves 
with t h e  f l u i d .  

F i r s t  of a l l ,  t h e  shape of t h e  magnetosphere boundary may be 

F i n a l l y ,  t h e  magnetic f i e l d  i n  t h e  reg ion  e x t e r i o r  t o  t h e  

THE SHAPE OF THE MAGNETOSPHERE BOUNDARY 

Chapman and Fer raro  formulated t h e i r  theory  f o r  t h e  shape of t h e  magneto- 
sphere boundary and t h e  d i s t o r t i o n  of t h e  geomagnetic f i e l d  contained t h e r e i n  
wel l  over t h r e e  decades ago ( see  Chapman, 1963, f o r  a review),  b u t  t h e  r e s u l t -  
ing  free-boundary problem i s  s u f f i c i e n t l y  complex t h a t  even approximate so lu-  
t i o n s  were not  ob ta ined  u n t i l  we l l  i n t o  t h e  s a t e l l i t e  era .  Although exact  
s o l u t i o n s  i n  a n a l y t i c  form had been obta ined  e a r l i e r  f o r  r e l a t e d  two- 
dimensional problems suggested by t h e  Chapman-Ferraro problem, much of t h e  
progress  toward t h e  s o l u t i o n  of t h e  a c t u a l  three-dimensional  problem i s  asso- 
c i a t e d  with t h e  use  of t h e  approximation o u t l i n e d  on f i g u r e  13. The approxi- 
mation t h a t  t h e  magnetic f i e l d  a t  t h e  magnetosphere be  p ropor t iona l  t o  t h e  
t angen t i a l  component of  t h e  E a r t h ' s  d ipo le  f i e l d  was f i r s t  proposed t o  be  used 
f o r  t h e  e n t i r e  boundary by Beard (1960), although Fe r ra ro  (1952) had p rev i -  
ously used t h e  same approximation i n  a more l i m i t e d  sense  t o  provide  t h e  b a s i s  
f o r  a b r i e f  d i scuss ion  of t h e  shape of  t h e  e q u a t o r i a l  trace of t h e  magneto- 
s he re  boundary. Through combination with t h e  o t h e r  condi t ion  t h a t  
H /8.rr - - P s t  cos2 $ a t  t h e  boundary and t h e  express ion  

= -(ae3Heq/r3) ( 6  s i n  8 + $2 cos e )  

f o r  t h e  magnetic d ipo le  f i e l d  of t h e  Ear th ,  i n  which ae = 6 . 3 7 ~ 1 0 ~  cm i s  t h e  
rad ius  of t he  Ear th  and Heq = 0.312 gauss i s  t h e  i n t e n s i t y  of  t h e  geomagnetic 
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I. REPLACE H, = 0 AT BOUNDARY BY APPROXIMATION THAT H = 2f (H,ji)l 

WHERE (Hdi) IS TANGENTIAL COMPONENT OF THE GEOMAGNETIC 
I 

DIPOLE FIELD AT THE MAGNETOSPHERE BOUNDARY 
2. COMBINE WITH H2/8n = Kp,VZ COS2 'k TO OBTAIN 

1+3COS28 I [ ~6 (R s i n e  ::y + &  (sine+ 
2 

Sin 9 COS 8 dR COS + dR + sin e -  -m 3) 
I16 

WHERE R = r/D. AND D =  O,(f HB'q /2 T Kp,V:) 

3. IN EQUATORIAL PLANE, 8 .  T / 2 ,  dR/de=O 

4. IN PRINCIPAL MERIDIAN PLANE, $ = *  T / 2 .  d R / d & = O  

KR3 @ = ( R  tan 8)- R3T I OR, SOLVING, R COS 8 = - 
d8 R ~ * Z  R 3 T  I 

Figure 13.- Approximate solution of Chapman-Ferraro problem; dipole axis perpendicular to 
solar wind direction. 

f i e l d  a t  t he  magnetic equator ,  t h e  p a r t i a l  d i f f e r e n t i a l  equat ion shown on f i g -  
u re  13 may be  der ived  f o r  t h e  case i n  which t h e  d ipo le  a x i s  is  perpendicular  
t o  t h e  d i r e c t i o n  of  t h e  i n c i d e n t  s o l a r  wind. This equat ion ,  which was f i r s t  
given by Davis and Beard (1962), i s  expressed i n  terms of a s p h e r i c a l  coordi-  
na t e  system r , e , T  with o r i g i n  a t  t h e  c e n t e r  of t h e  Ear th ,  p o l a r  ax i s  a l i n e d  
with t h e  geomagnetic a x i s ,  and t h e  angle  8 measured s i m i l a r  t o  c o l a t i t u d e  
with respec t  t o  t h e  geomagnetic po le  s i t u a t e d  geographica l ly  a t  78.6O nor th  
l a t i t u d e  and 70.1° west longi tude  n e a r  Thule,  Greenland. The angle  CP i s  
measured with r e spec t  t o  a l i n e  through t h e  o r i g i n  t h a t  i s  normal t o  both t h e  
d ipo le  ax i s  and t h e  f ree-s t ream d i r e c t i o n ,  and i s  equal  t o  n / 2  when d i r e c t e d  
i n  t h e  upstream d i r e c t i o n ,  and 3 ~ / 2  when d i r e c t e d  downstream. 

Considerable s i m p l i f i c a t i o n  occurs  i f  a t t e n t i o n  i s  confined t o  e i t h e r  t h e  
geomagnetic e q u a t o r i a l  p lane  o r  t h e  p r i n c i p a l  meridian p l ane  def ined  by t h e  
d ipole  ax i s  and t h e  d i r e c t i o n  of t h e  i n c i d e n t  s o l a r  wind. In  each case ,  t h e  
p a r t i a l  d i f f e r e n t i a l  equat ion reduces by reason of symmetry t o  an ord inary  d i f -  
f e r e n t i a l  equat ion  as i n d i c a t e d  on f i g u r e  13. The equat ion  f o r  t h e  e q u a t o r i a l  
t r a c e  of t h e  magnetosphere boundary was i n t e g r a t e d  numerical ly  by Beard (1960), 
and aga in  somewhat more accu ra t e ly  by S p r e i t e r  and Briggs (1961, 1962). The 
equat ion f o r  t h e  p r i n c i p a l  meridian t r a c e  was der ived  by Beard (1960) who used 
t h e  s o l u t i o n  R = 1 t o  show t h e  upstream p o r t i o n  of t h e  curve t o  be c i r c u l a r .  
S p r e i t e r  and Briggs (1961, 1962) subsequent ly  considered t h e  e n t i r e  family of 
i n t e g r a l  curves i l l u s t r a t e d  i n  f i g u r e  14 t h a t  a r e  ind ica t ed  - by t h e  complete 
s o l u t i o n  w r i t t e n  a t  t h e  bottom of  f i g u r e  13, i n  which K i s  an a r b i t r a r y  con- 
s t a n t  of i n t e g r a t i o n .  They showed t h a t  only one p o s s i b i l i t y  e x i s t s  f o r  a con- 
t inuous ly  connected boundary t h a t  remains a t  a f i n i t e  and nonvanishing 
d i s t ance  from t h e  o r i g i n  i n  t h e  upstream d i r e c t i o n  and does no t  v i o l a t e  t h e  
condi t ion  t h a t  cos I) 2 0,  I t  i s  composed of  p a r t  o f  t h e  c i r c u l a r  i n t e g r a l  
curve R = 1 def ined  by K = 0 i n  t h e  l e f t  p l g t  j o ined  onto  p a r t  of t h e  
i n t e g r a l  curve on t h e  r i g h t  p l o t  de f ined  by K = 3 /22 /3  = 1.890. 
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Figure  1 4 . -  I n t e g r a l  curves  i n  t h e  p r i n c i p a l  mer id ian  p l ane ;  d i p o l e  a x i s  pe rpend icu la r  t o  
s o l a r  wind d i r e c t i o n .  

The r e s u l t i n g  t r a c e s  of  t h e  magnetosphere boundary i n  t h e s e  two p lanes  
a r e  shown i n  f i g u r e  15, t oge the r  with a p l o t  provid ing  t h e  geocent r ic  d i s t ance  
D t o  t h e  magnetosphere nose def ined  i n  f i g u r e  13. The l a t t e r  shows, f o r  
i n s t ance ,  t h a t  D i s  about 10 Earth r a d i i  when t h e  s o l a r  wind has a dens i ty  
of  10 protons/cm3 and a v e l o c i t y  o f  300 km/sec. 

Coordinates f o r  t h e  remainder of t h e  magnetosphere boundary were obtained 
subsequently by Briggs and S p r e i t e r  (1963), who so lved  numerical ly  t h e  p a r t i a l  
d i f f e r e n t i a l  equat ion shown i n  f i g u r e  13. The r e s u l t s  a r e  i l l u s t r a t e d  i n  f i g -  
ure  16. 
meridian plane i s  a s soc ia t ed  with t h e  n e u t r a l  p o i n t  a t  which t h e  magnetic 
f i e l d  j u s t  i n s i d e  t h e  magnetosphere boundary vanishes  i n  t h e  i d e a l i z e d  theory.  
Since t h e  boundary condi t ion  H 2 / 8 r  = Kp,vm2 cos2 r equ i r e s  t h a t  cos IJJ 
must vanish a t  such a p o i n t ,  i t  fol lows t h a t  t h e  magnetosphere boundary must 
l o c a l l y  be  p a r a l l e l  t o  t h e  free-stream d i r e c t i o n  of t h e  s o l a r  wind. This 

The pronounced dent  i n  t h e  boundary i n  t h e  v i c i n i t y  of t h e  p r i n c i p a l  

" 
'EQUATORIAL 100 500 1000 

PLANE vm , km/sec 
nb, PROTONS /cm3 

f = K = I  
Figure  15 . -  Traces  o f  magnetosphere boundary i n  magnetic e q u a t o r i a l  p l ane  and meridian p l ane  

con ta in ing  d ipo le  a x i s  and s o l a r  wind v e l o c i t y  v e c t o r ;  = 0 .  
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Figure 16.- The boundary of the geomagnetic field; A = 0 .  

poin t  has f u r t h e r  s i g n i f i c a n c e  because t h e r e  is only one f i e l d  l i n e  i n  each 
hemisphere t h a t  extends from t h e  Earth t o  t h e  magnetosphere boundary i n  t h e  
idea l i zed  theory ,  and i t  j o i n s  t h e  magnetosphere boundary a t  t h e  n e u t r a l  p o i n t .  
Further ,  a l l  f i e l d  l i n e s  i n  t h e  magnetosphere boundary d iverge  from one neu- 
t r a l  point  and converge t o  t h e  o t h e r .  

The above d i scuss ion  has been confined t o  t h e  case i n  which t h e  d ipo le  
ax is  is normal t o  t h e  d i r e c t i o n  of  t h e  s o l a r  wind, o r ,  equ iva len t ly ,  i n  which 
t h e  angle  
equa to r i a l  p lane  i s  zero.  

h between t h e  d i r e c t i o n  of t h e  s o l a r  wind and t h e  geomagnetic 
Because of t h e  23.5' tilt of t h e  Ea r th ' s  geographic 

o r  sp in  ax i s  

0. 3, 
- I  

I -2 

with 

A = O o  
Val -- 

I 

r e spec t  t o  t h e  normal 

0 .  >iEUTRAL 0 .  . Y 

-I Val -I 
"m 

I I -21 I 
-2 - I  0 I h -2 - I  

Figure 17.- Meridian traces of magnetosphere boundary 
for various angles between dipole axis and direc- 

t o  t h e  p lane  of  t h e  e c l i p t i c ,  and t h e  
11.6O angle  between t h e  Ea r th ' s  geo- 
graphic  and geomagnetic axes ,  t h e  
angle  A ,  however, i s  not  always 
small. I t  i s  of  i n t e r e s t ,  t h e r e f o r e ,  
t o  determine t h e  r e s u l t i n g  e f f e c t  on 
t h e  shape of t h e  magnetosphere bound- 
a ry .  The only t h e o r e t i c a l  r e s u l t s  
t h a t  are a v a i l a b l e  on t h i s  t o p i c  a r e  
those  f o r  t h e  p r i n c i p a l  meridian 
p lane  given by S p r e i t e r  and Briggs 
(1961, 1962). 

Figure 17 p r e s e n t s  t h e  r e s u l t s  
of  t h e i r  a n a l y s i s  f o r  several r e l a -  
t i v e  o r i e n t a t i o n s  of t h e  d ipo le  a x i s  
and t h e  s o l a r  wind d i r e c t i o n .  They 
a r e  determined by j o i n i n g  i n t e g r a l  
curves def ined  by t h e  s o l u t i o n  
R cos(8 - AS) T (1/R2)cos 0 = K of 

- 
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t h e  d i f f e r e n t i a l  equat ion 

[ R 3  cos(0 - AS) f 2 cos 0]dR/d0 = R4 s i n ( 0  - AS) T R s i n  0 

- 
i n  a manner s imilar  t o  t h a t  descr ibed  f o r  X = 0 .  The symbol K i n  t h e s e  
expressions i s  aga in  an a r b i t r a r y  cons tan t  o f  i n t e g r a t i o n  and 
S = s i n  Cp = s i n ( t ~ / 2 )  = _+I. 

The r e s u l t s  shown i n  f i g u r e  17 i n d i c a t e  t h a t  t h e  magnetosphere boundary, 
as viewed i n  geomagnetic coord ina tes ,  i s  inf luenced  s u b s t a n t i a l l y  by t h e  
d i r e c t i o n  of t h e  s o l a r  wind. I t  i s  important  t o  recognize  t h a t  t h e  e f f e c t  i s  
l a rge ly  t h a t  of  r o t a t i o n  i n t o  alinement wi th  t h e  d i r e c t i o n  of t h e  s o l a r  wind. 
This po in t  i s  i l l u s t r a t e d  i n  f i g u r e  18 by p l o t t i n g  e s s e n t i a l l y  t h e  same 
r e s u l t s  as i n  f i g u r e  17 i n  terms of  a coord ina te  system a l i n e d  wi th  t h e  d i r ec -  
t i o n  of  t he  s o l a r  wind. They are a l s o  organized i n  a d i f f e r e n t  way by 

EQUINOX SOLSTICE 

Figure  18 . -  Diurnal and seasona l  v a r i a t i o n s  o f  t h e  boundary; coord ina te s  f i x e d  with 
r e spec t  t o  t h e  Sun-Earth l i n e .  

p r e sen t ing  toge the r  t h e  r e s u l t s  f o r  t h e  extremes of  t h e  d iu rna l  v a r i a t i o n  a t  
two s i g n i f i c a n t  t imes of t h e  yea r ,  t h e  equinox and t h e  s o l s t i c e ,  as i n d i c a t e d .  
I t  may be seen t h a t  t h e  d i f f e rence  between t h e  r e s u l t s  i s  small, and t h a t  t h e  
only f e a t u r e  t h a t  is  a f f e c t e d  t o  any s i g n i f i c a n t  degree i s  t h e  loca t ion  o f  t h e  
n e u t r a l  p o i n t s .  These r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  l a r g e  open t a i l  always 
extends exac t ly  i n  t h e  downstream d i r e c t i o n ,  as i t  must i n  t h e  exac t  s o l u t i o n  
of t h e  Chapman-Ferraro problem. 
t h e  r e s u l t  t h a t  t h e  asymptotic width of  t h e  magnetosphere t a i l  i n  t h e  p r i n c i -  
pa l  meridian p lane ,  f o r  any given A ,  i s  always exac t ly  twice t h e  d i s t a n c e  
between t h e  two n e u t r a l  po in t s  p ro jec t ed  onto  t h e  normal t o  t h e  d i r e c t i o n  of 
t h e  f r e e  s t ream. 

Also i n  accordance wi th  t h e  exac t  s o l u t i o n  i s  

An eva lua t ion  of t h e  accuracy of t h e  r e s u l t s  determined through use  of 
t h e  approximation o u t l i n e d  i n  f i g u r e  13  can be  gained by comparison with t h e  
h ighe r  o rde r  approximations t o  t h e  exac t  Chapman-Ferraro problem given by 
Midgley and Davis (1963) and Mead and Beard (1964) f o r  t h e  shape of  t h e  e n t i r e  
magnetosphere boundary f o r  A = 0 .  Such a comparison i s  presented  i n  f i g -  
u re  19 of t h e  r e s u l t s  f o r  t h e  e q u a t o r i a l  and p r i n c i p a l  meridian p l anes .  A l l  
t h r e e  s e t s  of r e s u l t s  may be  seen  t o  b e  i n  reasonably good agreement, al though 
t h e  h igher  approximations tend t o  i n d i c a t e  a s l i g h t l y  l a r g e r  f l a r i n g  of  t h e  
e q u a t o r i a l  t r a c e  of t h e  magnetosphere t a i l  than  i n d i c a t e d  by t h e  s impler  

18 



- SPREITER-BRIGGS (1962) 
MIDGLEY -DAVIS (1963) 
MEAD-BEARD (1964) 

Figure 19.- Comparison with higher order approximations; X = 0. 

, . . , . . . . . . .. . 
_ _ _ _  

c a l c u l a t i o n s  of Fer raro  (1952), Beard (1960), and S p r e i t e r  and Briggs (1961, 
1962).  A similar t r e n d  has  a l s o  been noted i n  some comparisons wi th  observa- 
t i o n a l  da t a .  I t  i s  d i f f i c u l t  t o  be c e r t a i n  t h a t  t h i s  i s  t h e  proper  explana- 
t i o n ,  however, because,  as  w i l l  b e  i l l u s t r a t e d  l a t e r  h e r e i n ,  t h e  Newtonian 
pressure  formula i n  t h e  Chapman-Ferraro theory tends t o  underest imate  t h e  
pressure  exer ted  by t h e  s o l a r  wind on t h e  f l anks  and t a i l  of t h e  magnetosphere. 

I I -21 I 

- 2  -I  0 I h 
Figure 20.- Comparison of exact and approximate 

solutions for analogous two-dimensional 
problem. 

Although no h ighe r  o rde r  approx- 
imations have y e t  been determined 
with which they may be  compared, it 
is  no t  a n t i c i p a t e d  t h a t  t h e  accuracy 
of t h e  approximate r e s u l t s  f o r  t h e  
magnetosphere boundary shown i n  f i g -  
u re  17  d e t e r i o r a t e s  p a r t i c u l a r l y  as 
X depa r t s  from zero .  Support f o r  
t h i s  b e l i e f  i s  provided by t h e  com- 
par i sons  shown on f i g u r e  20 between 
t h e  exact  s o l u t i o n s  given by Zhigulev 
and Romishevskii (1960) , Dungey 
(1961), and Hurley (1961) and t h e  
approximate s o l u t i o n  given by 
S p r e i t e r  and Briggs (1961, 1962) f o r  
t h e  corresponding problem of t h e  
i n t e r a c t i o n  of  t h e  s o l a r  wind and a 
two-dimensional magnetic d ipo le .  The 
l a t t e r  has been determined i n  a way 

t h a t  i s  e n t i r e l y  analogous t o  t h a t  o u t l i n e d  on f i g u r e  13, except  t h a t  t h e  mag- 
n e t i c  d ipole  f i e l d  i s  now given by 
t h e  length 
boundary i s  changed as a r e s u l t  t o  
purpose of t h i s  comparison is  t o  i l l u s t r a t e  t h e  %egree t o  which t h e  shape, b u t  
not p a r t i c u l a r l y  t h e  s i z e ,  of t h e  magnetosphere can be determined by us ing  t h e  
approximation H = 2 f ( H d i ) t y  t h e  c o e f f i c i e n t  f has been s e t  t o  0.913 i n  
order  t o  achieve a good f i t  with t h e  exac t  s o l u t i o n  a t  one p o i n t  nea r  t h e  nose 
of t he  magnetosphere. I f  f had been a r b i t r a r i l y  equated t o  u n i t y ,  as it i s  
usua l ly  done i n  t h e  three-dimensional  a p p l i c a t i o n s  , t h e  only change i s  t h a t  
a l l  coordinates  of t h e  magnetosphere boundary would be  increased  by t h e  square 
root  of 1/0.913, o r  by about 4 . 5  pe rcen t .  

H = -(ae2Heq/r2) ($ s i n  0 + ; cos 0 )  and 

D2 = ae(f2Hg / 2 ~ K p ~ v , ~ ) ~ / ~ .  
D used t o  nondimensionafize t h e  coord ina tes  of  t h e  magnetosphere 

Since t h e  
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THE FLOW AROUND THE MAGNETOSPHERE 

The preceding d i scuss ion  has i n d i c a t e d  how t h e  e x t e r i o r  magnetosphere 
flow problem can b e  reduced without  undue l o s s  of  accuracy t o  a pure ly  gasdy- 
namic problem of supersonic  flow p a s t  a given b l u n t  body, t h e  shape of  which 
is  determined by so lv ing  t h e  s tandard  Chapman-Ferraro problem. Although t h i s  
r ep resen t s  an enormous s i m p l i f i c a t i o n ,  d i f f i c u l t i e s  a s s o c i a t e d  wi th  t h e  non- 
l i n e a r  and mixed e l l i p t i c - h y p e r b o l i c  c h a r a c t e r  o f  t h e  governing p a r t i a l  d i f -  
f e r e n t i a l  equat ions are s u f f i c i e n t l y  g r e a t  t h a t  it remains necessary  a t  t h e  
present  time t o  approximate t h e  magnetosphere boundary wi th  an axisymmetric 
shape. I n  t h e  r e s u l t s  t o  b e  reviewed h e r e ,  t h e  shape s e l e c t e d  i s  t h a t  
obtained by r o t a t i n g  t h e  e q u a t o r i a l  trace of  t h e  boundary given by t h e  approx- 
imate s o l u t i o n  of  S p r e i t e r  and Briggs (1961, 1962) i l l u s t r a t e d  i n  f i g u r e s  15 
and 16. Inspec t ion  of  t h e  r e s u l t s  shown i n  f i g u r e s  15,  16, 18, and 19 shows 
t h a t  t h i s  i s  a reasonable  approximation, except  poss ib ly  where t h e  boundary i s  
dented inward around t h e  n e u t r a l  p o i n t s .  Even t h i s  except ion may be  of less 
importance than might be  supposed, because,  as w i l l  be  shown l a t e r ,  t h e s e  
dents  r e s u l t  from use of t h e  Newtonian p res su re  approximation, and would d i s -  
appear i n  any i n t e r n a l l y  c o n s i s t e n t  a n a l y s i s  based on continuum f l u i d  concepts .  

The gasdynamic equat ions used t o  c a l c u l a t e  t h e  flow around t h e  magneto- 
sphere and t h e  c y l i n d r i c a l  coordinate  system i n  which t h e  r e s u l t s  a r e  p re -  
sen ted  a r e  summarized i n  f i g u r e  2 1 .  The equat ions a r e  j u s t  those  i n d i c a t e d  on 

SUPERSONIC REGION / 

DIFFERENTIAL EQUATIONS - v *pv=o 
pcy.0 ) v+vp=o 
( l .V)S.O 

P/PO s-so = C" Zn- 
(P/p , ) r  

METHOD OF 

BOUNDARY 

X EARTH 

A 

CONSERVATION EQUATIONS A +  

[pvn] [pvn! =O + p6]=0 -Y/ 0 

[pvn(h2+v2/2) ]=o  WHERE [Q] = Q,-Q, 

Figure  2 1 . -  Gasdynamic equa t ions  f o r  s t eady  flow of a d i s s i p a t i o n l e s s  p e r f e c t  g a s .  

f i g u r e  11 a f t e r  dropping t h e  crossed out  terms and in t roducing  t h e  assumption 
of axisymmetric flow. Because of t h e  technologica l  importance of t h i s  problem 
i n  t h e  design of  r een t ry  veh ic l e s ,  as we l l  as i n t r i n s i c  aerodynamic and mathe- 
matical i n t e r e s t ,  a cons iderable  e f f o r t  has been expended on t h i s  problem f o r  
more than a decade, and a v a r i e t y  of  methods a r e  now a v a i l a b l e  f o r  i t s  numeri- 
c a l  s o l u t i o n .  The c a l c u l a t i o n s  of S p r e i t e r ,  Summers, and Alksne (1966) t o  be  
reviewed he re  have been accomplished wi th  t h e  procedures descr ibed  by Inouye 
and Lomax (1962) founded on t h e  b a s i c  method of  Van Dyke (1958) and Van Dyke 
and Gordon (1959) as modified by F u l l e r  (1961). A s  i l l u s t r a t e d  i n  f i g u r e  2 1 ,  

20 
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t h e  method used f o r  t h e  subsonic  reg ion  nea r  t h e  magnetosphere nose and t h e  
immediately ad jo in ing  po r t ion  of t h e  supersonic  reg ion  i s  an i n d i r e c t  one i n  
which t h e  loca t ion  of t h e  bow shock wave and t h e  f ree-s t ream condi t ions  are 
assumed known and t h e  a s soc ia t ed  flow f i e l d  and body shape are found as p a r t  
of t h e  s o l u t i o n .  The des i r ed  s o l u t i o n  f o r  t h e  s p e c i f i e d  body, t h e  magneto- 
sphere boundary i n  t h e  p re sen t  a p p l i c a t i o n ,  i s  then  found by i t e r a t i o n  follow- 
ing  jud ic ious  s e l e c t i o n  of t h e  i n i t i a l  t r i a l  shape f o r  t h e  bow wave based on 
experience with a v a s t  number of cases o f  aerodynamic i n t e r e s t .  

racy of  t h e  e n t i r e  method, has  been given by Lomax and Inouye (1964). 
s o l u t i o n  f o r  t h e  remainder of t h e  supersonic  reg ion  i s  accomplished as i n d i -  
ca t ed  by t h e  method of c h a r a c t e r i s t i c s  descr ibed  e x p l i c i t l y  f o r  t h i s  
app l i ca t ion  by Inouye and Lomax (1962). 

A d e t a i l e d  
4 d i scuss ion  of mathematical a spec t s ,  such as convergence, s t a b i l i t y ,  and accu- 

The 

Figure 2 2  shows a p l o t  of t h e  
r e s u l t s  obtained i n  t h i s  way f o r  t h e  
magnetosphere boundary and t h e  bow 
shock wave, t oge the r  with s e v e r a l  
s t r eaml ines  and c h a r a c t e r i s t i c  o r  Mach 
l i n e s  of  t h e  flow f o r  a r ep resen ta t ive  
s e t  of values  f o r  t h e  f ree-s t ream Mach 
number M, and r a t i o  of  s p e c i f i c  

respond t o  s tanding  compression o r  
expansion waves of  i n f i n i t e s i m a l  ampli- 
tude ,  c ros s  t h e  s t reaml ines  a t  such 
angles  t h a t  t h e  l o c a l  v e l o c i t y  compo- 
nent  normal t o  t h e  wave is  exac t ly  

0 -1.0 equal  t o  t h e  l o c a l  sound speed. Mach 
l i n e s  thus  e x i s t  only where t h e  flow 

t h e  v i c i n i t y  of t h e  magnetosphere nose 

3 . 0 -  - STREAMLINES 
MACH LINES _ _ _  

r /D 

~ MAGNETOSPHERE 
BOUNDARY h e a t s  y. The Mach l i n e s ,  which cor-  

I .o 
X/D 

Figure  2 2 . -  St reaml ines  and wave p a t t e r n s  for super- i s  Supersonic;  they a r e  absent  from 
s o n i c  flow p a s t  t h e  magnetosphere; Mm = 8, 
y = 5 /3 .  because t h e  flow t h e r e  i s  subsonic .  

Contour maps showing l i n e s  of cons tan t  dens i ty ,  v e l o c i t y ,  and temperature ,  
each normalized by d iv id ing  by t h e  corresponding quan t i ty  i n  t h e  inc iden t  
s t ream, a r e  presented  i n  f i g u r e  23. As i nd ica t ed ,  a s i n g l e  se t  of contours ,  

3.0 - 

2.0 - 

r/o 

1.0 - \ 
MAGNETOSPHERE 

BOUNDARY 
~ 3.6 - 3.7 

"" - 4.0 1 ,EARTH 

x I O  

VELOCITY. v 
TEMPERATURE, T 

I .o 0 -1.0 

Figure  2 3 . -  Densi ty ,  v e l o c i t y ,  and tempera ture  f i e l d s  f o r  supe r son ic  flow p a s t  t h e  magnetosphere; 
Mm = 8 ,  y = 5 / 3 .  
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although with d i f f e r e n t  l a b e l s ,  s e rves  f o r  bo th  t h e  v e l o c i t y  and t h e  tempera- 
t u r e .  These r e s u l t s  show t h a t  t h e  dens i ty  r a t i o  p/p, remains n e a r  t h e  maxi- 
mum value  (y + l ) / ( y  - 1) = 4 f o r  a s t r o n g  shock wave i n  a gas wi th  y = 5 / 3  
along nea r ly  t h e  e n t i r e  length  of t h e  p o r t i o n  of  t h e  bow wave shown. The gas 
undergoes a small a d d i t i o n a l  compression as it  approaches t h e  s t a g n a t i o n  p o i n t  
at  t h e  magnetosphere nose and then  expands t o  l e s s  than  f ree-s t ream d e n s i t y  as 
i t  flows around t h e  f l anks  of  t h e  magnetosphere. The v e l o c i t y  remains l e s s  
than i n  t h e  free stream, however, throughout t h e  same reg ion .  O f  p a r t i c u l a r  
i n t e r e s t  is  t h e  tremendous i n c r e a s e  i n  temperature  of  t h e  s o l a r  wind as i t  
passes  through t h e  bow wave. I f ,  f o r  example, t h e  temperature  of t h e  i n c i d e n t  
s o l a r  wind is  l o 5  O K ,  t h e  temperature a t  t h e  s t a g n a t i o n  p o i n t  i s  i n d i c a t e d  t o  
be 2 . 2 3 ~ 1 0 ~  O K .  Such a va lue  i s  of  t h e  same o r d e r  of  magnitude as t h e  tempera- 
t u r e  possessed by t h e  gas i n  t h e  s o l a r  corona be fo re  i t  i s  acce le ra t ed  t o  t h e  
high v e l o c i t i e s  c h a r a c t e r i s t i c  of t h e  s o l a r  wind i n  t h e  v i c i n i t y  of  t h e  Ea r th ' s  
o r b i t .  This r e s u l t  se rves  t o  remind us t h a t  t h e  energy conten t  of  t h e  s o l a r  
wind i s ,  t o  a l a r g e  e x t e n t ,  dependent on t h e  temperature  of t h e  corona. 

A s  noted i n  f i g u r e  11, t h e  deformation of  t h e  i n t e r p l a n e t a r y  magnetic 
f i e l d  by t h e  flow around t h e  magnetosphere can be  accomplished d i r e c t l y ,  once 
t h e  flow is  determined, e i t h e r  by d i r e c t  i n t e g r a t i o n  of c_ur&(H x 1) = 0 ,  
d i v  H, = 0 ,  and [H,] = 0 o r  by cons ider ing  t h e  f i e l d  l i n e s  t o  d r i f t  wi th  t h e  
f l u i d .  In genera l ,  t h e  f i e l d  l i n e s  a r e  s p a t i a l  curves ,  b u t  s i m p l i c i t y  may be 
achieved a t  t h e  expense of  completeness by r e s t r i c t i n g  a t t e n t i o n  t o  t h e  p lane  
through t h e  c e n t e r  of  t h e  Earth t h a t  conta ins  t h e  v e l o c i t y  and magnetic f i e l d  
vec tors  i n  t h e  i n c i d e n t  stream. Resul ts  of  two such c a l c u l a t i o n s  a r e  shown i n  
f i g u r e  24 f o r  t h e  same condi t ions  as i n  f i g u r e s  2 2  and 23, namely, M, = 8 and 
y = 5/3.  The f i e l d  l i n e s  a r e  as given previous ly  by S p r e i t e r ,  Summers, and 
Alksne (1966), and t h e  contour l i n e s  provid ing  t h e  i n t e n s i t y  o f  t h e  f i e l d  i n  
t h e  p l o t  on t h e  l e f t  f o r  90° angle  between t h e  d i r e c t i o n s  of  t h e  flow and 
f i e l d  i n  t h e  i n c i d e n t  stream a r e  as given by Alksne (1967). The contour l i n e s  
i n  t h e  p l o t  on t h e  r i g h t  f o r  4 5 O  angle  between t h e s e  two d i r e c t i o n s  have not  
been presented be fo re ,  b u t  have been c a l c u l a t e d  i n  exac t ly  t h e  same way as 

Ma=& 

Figure  2 4 . -  Magnetic f i e l d  i n  p l ane  o f  f r ee - s t r eam v e l o c i t y  and magnetic f i e l d  v e c t o r s  f o r  
supe r son ic  flow p a s t  t h e  magnetosphere; M, = 8,  y = 5/3.  
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those given by Alksne (1967) f o r  30° and 60°. 
0' a r e  not  shown he re ,  b u t  can b e  obta ined  r e a d i l y  from t h e  gasdynamic r e s u l t s ,  
s i n c e  it can be  shown t h a t  t h e  magnetic f i e l d  i s  p a r a l l e l  t o  t h e  flow and has  
such i n t e n s i t y  t h a t  t h e  r a t i o  H/H, i s  equal  t o  PV/P,V, a t  a l l  p o i n t s .  

The corresponding r e s u l t s  f o r  
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Figure 25.- Magnetic field for supersonic flow past 
the magnetosphere; M, = 8, y = 5 / 3 .  
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Figure 26.- Magnetic field f o r  supersonic flow past 
the magnetosphere; M, = 8, y = 5 / 3 .  

show t h a t  t h e  d i r e c t i o n  of  t h e  f i e l d  i n  t h e  
t h e  magnetosphere i s  h igh ly  d i s t o r t e d  by t h e  
r e l a t i o n  t o  t h e  d i r e c t i o n  of t h e  f i e l d  i n  t h  

Figure 25 shows t h e  magnetic 
f i e l d  conf igu ra t ion  and i n t e n s i t y  
f o r  t h e  more complex case i n  which 
t h e  s e t  of  f i e l d  l i n e s  considered 
i n  t h e  i n c i d e n t  s o l a r  wind i s  con- 
t a i n e d  i n  a p lane  p a r a l l e l  t o  t h e  
p l ane  of  symmetry b u t  o f f s e t  from 
i t  by a d i s t a n c e  D/3. The l i n e s  
o f  i n t e r s e c t i o n  of  t h e  o f f s e t  
p l ane  wi th  t h e  bow wave and t h e  
magnetosphere boundary are i n d i -  
ca t ed  by t h e  s o l i d  and dashed 
l i n e s  , r e s p e c t i v e l y .  Correspond- 
ing  r e s u l t s  f o r  t h e  case  i n  which 
t h e  o f f s e t  i s  2D/3 a r e  shown i n  
f i g u r e  26. S ince  t h e  f i e l d  l i n e s  
are no longer  confined t o  a p l ane  
behind t h e  bow wave, t h e  r e s u l t s  
f o r  each case  a r e  presented  i n  
t h e  form of  a p a i r  of p r o j e c t i o n s .  
I t  i s  o f  i n t e r e s t  t h a t  t h e  
extreme crowding t o g e t h e r  of t h e  
f i e l d  l i n e s  a t  t h e  magnetosphere 
nose,  s o  n o t i c e a b l e  i n  f i g u r e  24 
f o r  t h e  p lane  of symmetry, does 
no t  appear  i n  f i g u r e s  25 o r  26. 
In s t ead ,  t h e  f i e l d  l i n e s  appear as 
i f  they have s l i p p e d  around t h e  
nose of  t h e  magnetosphere. 

The r e s u l t s  shown i n  f i g -  
u re s  24 through 26 a l s o  i n d i c a t e  
t h a t  t h e  i n t e n s i t y  of  t h e  mag- 
n e t i c  f i e l d  i s  usua l ly  a few 
times l a r g e r  nea r  t h e  magneto- 
sphere  nose than i n  i n t e r p l a n e t a r y  
space ,  and t h a t  i t  may b e  e i t h e r  
l a r g e r  o r  sma l l e r  than  i n  t h e  
i n c i d e n t  stream along t h e  f l anks  
of t h e  magnetosphere. They a l s o  

flow, and bea r s  l i t t l e  d i r e c t  
reg ion  between t h e  bow wave and 

e i n c i d e n t  s o l a r  wind. 

The r e s u l t s  shown i n  f i g u r e s  2 2  through 26 are a l l  f o r  M, = 8 and 
y = 5 / 3 .  Since both t h e  v e l o c i t y  and t h e  temperature ,  and hence t h e  speed of 
sound, of  t h e  s o l a r  wind vary s u b s t a n t i a l l y  i n  t h e  course  of t ime, it i s  of  

23 



i n t e r e s t  t o  review some of  t h e  r e s u l t s  given by S p r e i t e r ,  Summers, and Alksne 
(1966) f o r  o the r  Mach numbers. Figure 27 shows p l o t s  of contours of cons tan t  
dens i ty  r a t i o  p/p, f o r  f ree-s t ream Mach numbers of  5 and 1 2 .  Although d i f -  
fe rences  are c l e a r l y  ev iden t ,  they remain s u f f i c i e n t l y  small t o  be of only 
secondary importance f o r  most purposes .  The corresponding r e s u l t s  f o r  t h e  
v e l o c i t y  and temperature  are shown i n  f i g u r e  2 8 .  Like t h e  dens i ty ,  t h e  veloc-  
i t y  f i e l d  i s  ha rd ly  a f f e c t e d  by t h e  change from Mach number 5 t o  1 2 .  The t e m -  
pe ra tu re  f i e l d s  f o r  t h e  two Mach numbers are s u b s t a n t i a l l y  d i f f e r e n t ,  however, 
with t h e  temperatures  f o r  Mach number 1 2  gene ra l ly  be ing  about f i v e  times 
l a r g e r  than f o r  Mach number 5 .  
understood e a s i l y  i n  terms of  t h e  express ion  f o r  

Such s t r o n g  e f f e c t s  on t h e  temperature can be  
T/T, shown on f i g u r e  23. 
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Figure  27 . -  E f f e c t  o f  Mach number on d e n s i t y  f i e l d  f o r  flow p a s t  t h e  magnetosphere; y = 5/3 
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Figure  28.-  E f f e c t  o f  Mach number on v e l o c i t y  and tempera ture  f i e l d s  f o r  flow p a s t  t h e  
magnetosphere;  y = 5 / 3 .  
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Although t h e  r e s u l t s  w i l l  n o t  b e  d isp layed  g raph ica l ly  he re ,  t h e  tempera- 
t u r e  contours  can a l s o  b e  p u t  i n t o  a form r e l a t i v e l y  independent of 
normalizing t h e  temperature  by d iv id ing  by vm2 r a t h e r  than  T,. Opt iona l ly ,  
w e  may cons ider  t h e  r a t i o  
+(T - T,) 
perhaps,  t h e  r a t i o  
cp(T - Tm) = ycv(T - T,) 
s t r a t e d  by combining t h e  express ion  (T - T,)/Tm = [Cy - 1)/2]&, ,2(1 - v2/vm2),  
t h e  r e l a t i o n  h = %T 
&,, = v , / ( ~ ~ R T , ) ~ ’ ~  
The q u a n t i t i e s  i n  t h e s e  expressions r ep resen t  t h e  s p e c i f i c  h e a t s  a t  
cons tan t  p re s su re  and volume. They are r e l a t e d  t o  t h e  gas cons tan t  R accord- 
i ng  t o  
expression i s  2cp(T - Tm)/vm2 = ( 1  - v2/vm2).  S ince  v2/vm2 tends t o  be 
independent of  Mach number a t  l a r g e  M,, as i l l u s t r a t e d  i n  f i g u r e  28 f o r  
M, = 5 and 1 2 ,  and T, i n  t h e  same re  ion  is very much s m a l l e r  than  T ,  it 
fol lows t h a t  t h e  r a t i o  2c (T - Tm)/v_’ a l s o  tends t o  b e  i n v a r i a n t  wi th  
changes i n  Mach number a t  Parge 

M, by 

2cv(T - Tm)/vm2 of  t h e  change i n  i n t e r n a l  energy 
t o  t h e  k i n e t i c  energy vm2/2, both p e r  u n i t  mass, o r  even b e t t e r ,  

2%(T - Tm)/vm2 of  t h e  change of t h e  en tha lpy  
t o  t h e  k i n e t i c  energy. That t h i s  i s  s o  may be  demon- 

de f in ing  t h e  enthalpy p e r  u n i t  mass, and t h e  r e l a t i o n  - 
€or t h e  free-stream Mach number o f  f u l l y  ion ized  hydrogen. 

% and cv 

R = cv(y - 1 ) / 2  = cp(y - 1)/2y = 8 . 3 1 5 ~ 1 0 ~  ergs/gm O K .  The r e s u l t i n g  

k.  

1.0 

.I 6 

-0 I 

- 
magnetosphere nose .  These r e s u l t s ,  co l -  

t i o n s  f o r  a wide range of  va lues  €or  

I& s t andof f  and y ,  d i s t a n c e  show t h a t  A t h e  t o  r a t i o  t h e  geocen t r i c  of  t h e  
d i s t a n c e  t o  t h e  magnetosphere nose D 
i s  very n e a r l y  p ropor t iona l  t o  t h e  den- 
s i t y  r a t i o  p,/pb ac ross  t h e  nose of  

p b  t h e  bow wave. The l a t t e r  i s ,  moreover, 
r e l a t e d  t o  M, and y by t h e  s imple 
express ion  shown a t  t h e  bottom of  f i g -  

Y 5 s M a <  100 
0 2  l e c t e d  from a l a r g e  number of  ca l cu la -  

a b 6/5 5 1 3 / L 5 * 1 2  7/5 

0 11/10 

D 

I I ure  29. For  Mach numbers l a r g e  com- 

46 - 

A 

Figure 29.- Bow wave standoff distance for 
supersonic flow past the magnetosphere. 
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MICROSCOPIC INTERPRETATION OF CONTINUUM RESULTS 

In  j u s t i f y i n g  t h e  use  of a continuum theory  of  f l u i d  flow, b e  i t  a gasdy- 
namic, magnetohydrodynamic, o r  more complicated d e s c r i p t i o n ,  t o  c a l c u l a t e  t h e  
gross  average f e a t u r e s  of t h e  s o l a r  wind and i t s  i n t e r a c t i o n  with t h e  geomag- 
n e t i c  f i e l d ,  appeal is  usua l ly  made t o  p o s s i b l e  i n t e r a c t i o n  mechanisms involv-  
i ng  e l e c t r i c  and magnetic f i e l d s ,  and poss ib ly  t o  plasma i n s t a b i l i t i e s ,  t h a t  
opera te  over d i s t ances  t h a t  are not  only smaller than  t h e  ord inary  mean f r e e  
paths  of  t h e  p a r t i c l e s ,  bu t ,  more impor tan t ly ,  smaller than  t h e  s c a l e  of t h e  
flow f e a t u r e  being examined. When a t t e n t i o n  is  turned  from t h e  gross  f e a t u r e s  
of t h e  flow t o  t h e  q u a n t i t i e s  a c t u a l l y  measured on board s p a c e c r a f t  wi th ,  s ay ,  
a plasma probe, t h e  s i t u a t i o n  a l t e r s  s i g n i f i c a n t l y  because t h e  instruments  are 
much sma l l e r  than  any of t h e  suggested i n t e r a c t i o n  d i s t a n c e s .  I t  thus appears 
necessary t o  r e t u r n  t o  a microscopic p i c t u r e  based on k i n e t i c  theory both t o  
i n t e r p r e t  c e r t a i n  f e a t u r e s  of t h e  d a t a  and t o  c a r r y  t h e  t h e o r e t i c a l  ca l cu la -  
t i o n s  t o  t h e  po in t  where t h e  r e s u l t s  a r e  d i r e c t l y  comparable w i t h  observa t ions .  
A complete t reatment  of t h e  i n t e r a c t i o n  of t h e  s o l a r  wind wi th  t h e  geomagnetic 
f i e l d  based on k i n e t i c  theory  i s ,  however, an i n t r a c t a b l e ,  and probably 
unnecessar i ly  complex, t a s k  a t  t h e  p re sen t  time. 

One may, i n s t e a d ,  fol low t h e  procedure employed by S p r e i t e r ,  Alksne, and 
Abraham-Shrauner (1966) who combined r e s u l t s  f o r  t h e  bulk  p r o p e r t i e s  of t h e  
flow provided by f l u i d  models with r e l a t i o n s  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  
provided by k i n e t i c  theory .  The b a s i c  a d d i t i o n a l  assumption i s  t h a t  t h e  
ins tan taneous  microscopic v e l o c i t y  d i s t r i b u t i o n  of t h e  ions  i s  Maxwellian i n  a 
frame moving with t h e  l o c a l  bulk v e l o c i t y  of t h e  f low.  In  ord inary  gases ,  
near  s tandard  condi t ions ,  t h e  use of a Maxwellian d i s t r i b u t i o n  would hard ly  
r e q u i r e  comment because i t s  a p p l i c a b i l i t y  i s  e s s e n t i a l l y  guaranteed by t h e  
r ap id  r a t e  of  c o l l i s i o n s  between p a r t i c l e s .  
r a t e  is  very low and it is  n e i t h e r  obvious nor  n e c e s s a r i l y  c o r r e c t  t h a t  t h e  
v e l o c i t y  d i s t r i b u t i o n  is  Maxwellian. Never the less ,  t h e  Maxwellian d i s t r i b u t i o n  
is  use fu l  a t  least  as a rough guide,  and may even be  a reasonably good approxi- 
mation t o  t h e  condi t ions  encountered much of t h e  time i n  space .  The use of  a 
Maxwellian v e l o c i t y  d i s t r i b u t i o n  i s ,  moreover, c o n s i s t e n t  with t h e  use  of con- 
tinuum equat ions of magnetohydrodynamics and gasdynamics i n  t h e  f l u i d  models, 
and with cu r ren t  p r a c t i c e  i n  analyzing and i n t e r p r e t i n g  d a t a  from plasma 
probes on some of t h e  r e c e n t  s p a c e c r a f t .  

I n  t h e  s o l a r  wind, t h e  c o l l i s i o n  

According t o  t h e  Maxwellian v e l o c i t y  d i s t r i b u t i o n ,  t h e  number dens i ty  dn 
of a spec ies  of p a r t i c l e s  of mass m having v e l o c i t i e s  between w, and w, + dw - 
i n  a gas of  temperature T moving with bulk v e l o c i t y  w_, equiva len t  t o  t h e  
gasdynamic v e l o c i t y  i s  as given i n  t h e  f i r s t  express ion  on f i g u r e  30, i n  
which k = 1 . 3 8 ~ 1 0 - ’ ~ ’ . r g / ~ K  i s  Boltzmann’s cons t an t ,  n i s  t h e  t o t a l  number 
dens i ty  of  t h e  spec ies  of p a r t i c l e s  independent of  t h e i r  v e l o c i t y ,  and u ,  v ,  
and w a r e  Car tes ian  components of y .  We proceed t o  apply t h i s  express ion  t o  
t h e  ions ,  and no te  t h a t  m = 1 . 6 7 ~ 1 0 - ~ ~  gm i f  they a r e  hydrogen ions ,  o r  pro-  
t ons .  The quan t i ty  (2kT/m)1/2 has t h e  dimensions of v e l o c i t y ,  and i s  recog- 
n ized  t o  be t h e  most probable  p a r t i c l e  v e l o c i t y  i n  a r e fe rence  frame i n  which 
the  bulk v e l o c i t y  i s  zero,  t h a t  i s ,  i n  a r e fe rence  frame moving with t h e  
l o c a l  bulk v e l o c i t y .  I t  i s  p ropor t iona l  t o ,  and less than ,  t h e  speed of sound 

- 

26 



IN CARTESIAN COORDINATES U, V,W IN VELOCITY SPACE 

d n = r ~ ( & ) ~ / ~ e x p [  -m(y 2kT -E  l 2  ] dudvdw 
w 

L c  

IN 

IN 

OR, IN 

IN WHICH IS THE PARTICLE VELOCITY 
E IS THE BULK VELOCITY 

IN SPHERICAL COORDINATES r ,  8 ,  + 
VELOCITY SPACE 

] c 2 d c d n  dn=n  ($)3”exp[ -m ( c ~ + w ~ - ~ c w  2kT cos e )  

2 2 2 112 WHICH C = ( u  +v +W ) 

d n =  sin e d 0 d + IS AN INFINITESIMAL SOLID ANGLE 

C = c / (  2 k T / m  )I”, 

NONDIMENSIONAL FORM WITH 

=W/( 2 k T / m  ) ’ ”  

dn c 2  2 -2 - _  Tr3,2exp [ - (c  +w - 2 c E  cose] d c d n  

Figure 30.- Equations of Maxwellian velocity distribution. 

i n  accordance with t h e  r e l a t i o n s  (2kT/m)1/2 = ( ~ / p ) l / ~  = a /y1/2  = 0.774a 
which may be  der ived  from t h e  express ion  a = ( y ~ / p ) l / ~  f o r  t h e  speed of sound 
by rep lac ing  t h e  p re s su re  p by t h e  combined p res su re  2nkT of t h e  ions and 
e l e c t r o n s ,  and t h e  dens i ty  p by t h e  product  mn of t h e  mass and number den- 
s i t y  of t he  ions ,  t h e  con t r ibu t ion  of  t h e  e l e c t r o n s  t o  t h e  dens i ty  be ing  
n e g l i g i b l e .  

I t  i s  use fu l ,  because of t h e  a x i a l  symmetry of  t h e  Maxwellian v e l o c i t y  
d i s t r i b u t i o n  about t h e  d i r e c t i o n  of  t h e  bulk v e l o c i t y  vec to r ,  t o  in t roduce  a 
sphe r i ca l  coord ina te  system i n  v e l o c i t y  space r e l a t e d  t o  a r ec t angu la r  
Car tes ian  coord ina te  system i n  which t h e  w a x i s  i s  a l i n e d  with t h e  bulk 
ve loc i ty  vec to r  as i l l u s t r a t e d  i n  f i g u r e  30. The express ion  f o r  t h e  
Maxwellian v e l o c i t y  d i s t r i b u t i o n  can thus be  r e w r i t t e n  i n  terms of t h e  par -  
t i c l e  speed c = (u2 + v2 + w 2 ) l l 2  and t h e  d i r e c t i o n  of i t s  motion 8 with 
respec t  t o  t h e  d i r e c t i o n  of t h e  bulk v e l o c i t y  v e c t o r  i j  i n  t h e  form shown i n  
the  second equat ion on f i g u r e  30. In t roduc t ion  of  t h e  dimensionless q u a n t i t i e s  
C and w by (2kT/m) 1’2 l eads  t o  t h e  l a s t  equa- 
t i o n  shown on f i g u r e  30. This express ion  shows t h a t  t h e  f r a c t i o n  dn/n dC dR 
of t h e  p a r t i c l e s  p e r  u n i t  s o l i d  angle  and u n i t  dimensionless  speed depends 
only on the  dimensionless speed C and d i r e c t i o n  e with r e spec t  t o  t h a t  - of 
t h e  l o c a l  bulk v e l o c i t y  of t h e  p a r t i c l e s  being counted, and t h e  r a t i o  W of 
t h e  l o c a l  bulk speed t o  t h e  most probable  speed i n  a frame moving with t h e  
loca l  bulk v e l o c i t y .  The q u a n t i t y  W i s  - moreover d i r e c t l y  r e l a t e d  t o  t h e  
l o c a l  Mach number M of t h e  flow s i n c e  W = w/(2kT/m)1/2 = y 1 I 2 i / a  = 1.29M. 

obtained by d iv id ing  c and W 

Plo t s  of  dn/n dC dR as a func t ion  of  0 f o r  s e v e r a l  r e p r e s e n t a t i v e  
values  of C and a r e  presented  i n  f i g u r e  31. Also included is  a p l o t  i n  
t h e  upper - l e f t  p a r t  o f  t h i s  f i g u r e  p re sen t ing  t h e  l o c a t i o n  of  l i n e s  of con- 
s t a n t  W f o r  t h e  s p e c i a l  case  i n  which M, = 8 and y = 5/3,  as i n  f i g u r e s  22 
through 26. The v e l o c i t y  d i s t r i b u t i o n  having t h e  corresponding va lue  f o r  W 
is thus appropr i a t e  a t  any p o i n t  a long t h e  contour  l i n e s .  The v e l o c i t y  d i s -  
t r i b u t i o n s  themselves a r e  genera l ,  however, and are app l i cab le  as w e l l  f o r  
o t h e r  values  f o r  M, and y ,  provided t h a t  they  b e  app l i ed  a t  t h e  l o c a t i o n  

- 
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Figure 31.- Polar plots of Maxwellian proton velocity distributions corresponding to conditions 
in supersonic flow past the magnetosphere. 

- 
where t h e  designated va lue  f o r  W p r e v a i l s .  The p l o t s  included i n  f i g u r e  31 
d i sp lay  - how t h e  v e l o c i t y  d i s t r i b u t i o n  changes from be ing  completely i s o t r o p i c  
when - W 
when W = 10, as i n  t h e  undis turbed s o l a r  wind when t h e  f ree-s t ream Mach num- 
b e r  M, = (3 /5 )1 /2  x 10 = 7 . 7 5 .  For  f i x e d  C and w, dn/n dC dR is  a maximum 
when e = 0 and a minimum when 8 = TT, as can be  seen  by equat ing  
d(dn/n dC dn)/de t o  zero and i n v e s t i g a t i n g  t h e  s i g n  of  
f o r  e = TT and e = 0 .  

i s  zero,  as a t  t h e  magnetosphere nose,  t o  being h ighly  co l l imated  

d2(dn/n dC dR)/d02 

In f i g u r e  32 t h e  v e l o c i t y  d i s t r i b u t i o n  dn/n dC dR i s  i l l u s t r a t e d  a 
second way, as a func t ion  of  t h e  dimensionless p a r t i c l e  speed f o r  f ixed  
W and 8 .  The minimum value  f o r  dn/n dC dR f o r  f i x e d  8 and is zero,  and 

C - 

((;Ih; * u e  
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Figure 32.- Maxwellian proton velocity distributions corresponding to conditions in supersonic 
flow around the magnetosphere. 
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occurs when C i s  e i t h e r  zero o r  i n f i n i t e .  The maximum value  can b e  found by 
equat ing  d(dn/n dC dS2)ldC t o  zero and s o l v i n g  f o r  C.  I t  i s  

c = [W cos 8 + 

For small 
For l a rge  W cos 0 ,  t h e  maximum value  occurs a t  e i t h e r  C = cos 8 o r  
C = -1/(w cos e) ,  depending on whether 
Since t h e r e  i s  only one s o l u t i o n  f o r  C f o r  given W and 8 ,  dn/n dC dR 
decreases  monotonically on both s i d e s  of t h e  maximum, and approaches zero as 
C approaches zero and i n f i n i t y .  

w - cos 0 ,  dn/n dC dR i s  thus  a maximum when C = 1 + (w cos 8 ) / 2 .  

- 
W cos 8 i s  - p o s i t i v e  o r  nega t ive .  

Combining t h e  r e s u l t s  of  t h e  two preceding paragraphs,  w e  see t h a t  t h e  
abso lu te  maximum value  f o r  dn/n dC dR occurs  when 8 i s  zero and 
C = CM = [W + (w2 + 4) Curves i l l u s t r a t i n g  t h e  v a r i a t i o n  of  dn/n dC dR 
with 8 f o r  C = CM are inc luded  on f i g u r e  31 and i n d i c a t e d  by dashed l i n e s .  
S imi l a r ly ,  t h e  smallest maximum value  f o r  dn/n dC dR f o r  f i x e d  w occurs 
when 8 = 71 and C = [-w + (w2 + 4 ) 1 / 2 ] / 2 .  

12]/2.  

The preceding r e s u l t s  can be  app l i ed  t o  t h e  flow around t h e  magnetosphere 
by i n s e r t i n g  i n t o  t h e  equat ions  shown on f i g u r e  30 t h e  va lues  f o r  dens i ty ,  
temperature ,  and v e l o c i t y  c a l c u l a t e d  us ing  t h e  f l u i d  models. Figure 33 shows 
the  r e s u l t s  of a s p e c i f i c  a p p l i c a t i o n  f o r  t h e  case  i l l u s t r a t e d  i n  f i g u r e s  2 2  
through 26,  namely, M, = 8 and y = 5 / 3 .  The s o l a r  wind i s  considered t o  con- 
s i s t  e n t i r e l y  of  protons and e lec t rons , ,  and t o  flow i n  t h e  undis turbed i n c i -  
dent stream with a v e l o c i t y  voo = tS, = 4x107 cm/sec. The temperature T, i n  
t h e  f r e e  s t ream i s  thus  0 . 9 0 ~ 1 0 ~  O K .  Severa l  kinds of  r e s u l t s  a r e  included on 
t h i s  f i g u r e .  F i r s t  o f  a l l ,  t h e r e  are l i n e s  r ep resen t ing  t h e  magnetosphere 
boundary and t h e  bow shock wave, s t r eaml ines ,  and contour  l i n e s  of cons tan t  
speed and temperature ,  a l l  of which correspond t o  those  shown on f i g u r e s  2 2  
and 23. The l a t t e r  a r e  a l s o  contour  l i n e s  of  cons tan t  l o c a l  Mach number M 
and W as i n d i c a t e d  on t h e  f i g u r e .  Small diagrams are presented  a t  s e v e r a l  
po in t s  of i n t e r s e c t i o n  of t h e  s t r eaml ines  and t h e  contour  l i n e s  t h a t  

- 

- 
W = l .  M=.775 

C/Cm=,41B, T/Tm = I B . 6  TOSPHERE BOUNDARY 

LEGEND FOR MLOCITY 
c M =  4 . 0 4 x 1 0 ~ c m / s e c  DISTRIBUTION DIAGRAMS 
-====zI- 

W = S .  M = . 3 8 7  

Figure  3 3 . -  Maxwellian p ro ton  v e l o c i t y  d i s t r i b u t i o n s  a t  s e v e r a l  p o i n t s  i n  t h e  flow around t h e  
magnetosphere; Mm = 8, y = 5/3, w_ = 400 km/sec, T, = 90,0000 K ,  Tm = 10.33. 
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i l l u s t r a t e  t h e  v e l o c i t y  d i s t r i b u t i o n  of  t h e  pro tons .  These diagrams a r e  s i m i -  
l a r  t o  those  of  f i g u r e  31 i n  t h a t  they  show on a p o l a r  p l o t  t h e  v a r i a t i o n  of  
number dens i ty  with d i r e c t i o n  of  motion f o r  p a r t i c l e s  o f  s e l e c t e d  speeds.  The 
speeds s e l e c t e d  f o r  each of t h e  diagrams inc lude  s o  
t h a t  t h e  curve d i sp lay ing  t h e  abso lu te  maximum value  f o r  t h e  number d e n s i t y  i s  
always shown. The values  f o r  c f o r  t h e  o t h e r  curves a r e  s imple f r a c t i o n s  
and mul t ip l e s  of CM. 
dn/n, dc dQ i s  p l o t t e d  r a t h e r  than  dn/n dC dn i n  o r d e r  t o  i l l u s t r a t e  b e t t e r  
t h e  r e l a t i o n  between t h e  v e l o c i t y  d i s t r i b u t i o n s  a t  d i f f e r e n t  p o i n t s .  They are 
a l s o  o r i en ted  on f i g u r e  33 s o  t h a t  8 = 0 i n  t h e  d i r e c t i o n  of t h e  l o c a l  flow 
v e l o c i t y .  These p l o t s  i l l u s t r a t e  how t h e  v e l o c i t y  d i s t r i b u t i o n  is  h igh ly  co l -  
l imated i n  the  i n c i d e n t  s o l a r  wind, completely i s o t r o p i c  a t  t h e  s t agna t ion  
po in t  a t  t h e  magnetosphere nose,  and changes back t o  t h a t  o f  a h ighly  c o l l i -  
mated s t ream along t h e  f l anks  of  t h e  magnetosphere. Except f o r  a l i m i t e d  
region i n  t h e  immediate v i c i n i t y  of  t h e  nose,  only a small f r a c t i o n  of t h e  
t o t a l  number of p a r t i c l e s  a t  a given p o i n t  move i n  t h e  upstream d i r e c t i o n  
( 0  = n ) .  Throughout t h e  e n t i r e  flow, however, t h e  speed CM corresponding t o  
the  maximum number dens i ty  a t  each of t h e  s t a t i o n s  tends t o  be  r e l a t i v e l y  con- 
s t a n t  i n  s p i t e  of s u b s t a n t i a l  changes i n  t h e  v e l o c i t y  and temperature  of t h e  
gas .  

c = CM = (2kT/m)1’2C~ 

The diagrams d i f f e r  from those  of f i g u r e  31 i n  t h a t  

EVALUATION OF THEORY AND COMPARISON WITH LABORATORY OBSERVATIONS 

I t  i s  informative and important t o  examine t h e  foregoing  t h e o r e t i c a l  
r e s u l t s  f o r  i n t e r n a l  cons is tency  and t o  compare them with observa t ions  made i n  
the  labora tory ,  as w e l l  as i n  space .  One of  t h e  f i r s t  ques t ions  t h a t  o f t e n  
arises i n  such a d i scuss ion  i s  how w e l l  does t h e  s imple  Newtonian p res su re  
formula 
netosphere boundary. 

p = ps t  cos2 $ provide f o r  t h e  v a r i a t i o n  of  p re s su re  along t h e  mag- 
This can be answered p a r t i a l l y  i n  t h e  p r e s e n t  appl ica-  

Y A- 8 2  
8 5/3 
5 513 

I 0 
X / D  

Figure  3 4 . -  Comparison o f  exac t  and approximate 
p r e s s u r e  d i s t r i b u t i o n s  on magnetosphere 
boundary. 
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t i o n s  by comparing t h e  p re s su re  so  
determined with t h a t  i nd ica t ed  by t h e  
d e t a i l e d  gasdynamic c a l c u l a t i o n s .  The 
r e s u l t s  of  such a comparison, o r i g i -  
n a l l y  presented  by S p r e i t e r ,  Summers, 
and Alksne (1966), are shown i n  f i g -  
u re  34 f o r  s e v e r a l  va lues  f o r  M, and y .  
I t  can be  seen t h a t  t h e  simple 
Newtonian express ion  does indeed pro-  
v ide  a gene ra l ly  good approximation 
over  most of  t h e  magnetosphere boundary 
of i n t e r e s t  i n  t h e  p r e s e n t  s t u d i e s .  
The agreement i s  p a r t i c u l a r l y  good over  
t h e  p o r t i o n  of  t h e  magnetosphere along 
which t h e  flow i s  subsonic .  No s i g n i f -  
i c a n t  changes are t o  be expected, t he re -  
f o r e ,  i n  t h e  shape of t h e  nose p o r t i o n  
of  t h e  bow wave due t o  t h e  use of  a 
more accu ra t e  and n e c e s s a r i l y  more com- 
p l i c a t e d  c a l c u l a t i o n  of t h e  p re s su re .  
The Newtonian p res su re  formula does, 



however, underest imate  t h e  p re s su re  somewhat a long t h e  f l anks  of t h e  magneto- 
sphere ,  i n d i c a t i n g  t h a t  a r ev i sed  c a l c u l a t i o n  us ing  t h e  gasdynamic p res su re  
d i s t r i b u t i o n  would l ead  t o  a s l i g h t l y  slimmer magnetosphere. The r e s u l t i n g  
change i n  t h e  magnetosphere shape would be  expected t o  be  small, however, 
because of t h e  magnetic p re s su re  aga ins t  which t h e  gas p re s su re  i s  balanced 
according t o  t h e  boundary condi t ion  
po r t iona l  t o  t h e  inve r se  s i x t h  power of t h e  d i s t ance  from t h e  c e n t e r  o f  t h e  
Earth.  
i n  a magnetosphere t h a t  i s  s l i g h t l y  t h i n n e r  o r  s l i g h t l y  more f l a r e d  remains 
unce r t a in ,  however, because of  t h e  counterbalancing d i f f e rence  between t h e  
exact  and approximate s o l u t i o n  o f  t h e  Chapman-Ferraro problem i l l u s t r a t e d  i n  
f i g u r e  19. A p o i n t  of  equal  i n t e r e s t  displayed.  by t h e s e  r e s u l t s  i s  t h e  l a c k  
of s i g n i f i c a n t  v a r i a t i o n  of  t h e  p re s su re  d i s t r i b u t i o n  wi th  changes i n  
y over  t h e  range of  condi t ions  included i n  t h e  c a l c u l a t i o n s .  

H2/81r = pst cos2 $ is  approximately pro- 

Whether a more accu ra t e  s o l u t i o n  of t h e  complete problem would r e s u l t  

M, and 

The p res su re  a t  t h e  nose of t h e  magnetosphere provided by t h e  d e t a i l e d  
c a l c u l a t i o n s  agrees ,  as it must, with t h e  gasdynamic express ion  

which s i m p l i f i e s  f o r  y = 5/3  t o  
Since the  f ree-s t ream Mach number i s  much g r e a t e r  than  u n i t y  i n  t h e  p re s -  
en t  app l i ca t ions  , comparison with t h e  Newtonian express ion  f o r  t h e  p re s su re  
a t  t h e  magnetosphere nose,  pst = Kp,vm2 as i n d i c a t e d  i n  f i g u r e  1 2 ,  r evea l s  
t h a t  K approaches 0.881. The corresponding values  f o r  y = 2 and y = 3/2 
a r e  0.844 and 0.904.  S ince  t h e  d i s t a n c e  D t o  t h e  nose of t h e  magnetosphere 
is  propor t iona l  t o  t h e  i n v e r s e  s i x t h  roo t  of K ,  it fol lows immediately t h a t  
t h e  s i z e  as wel l  as  t h e  shape of t h e  magnetosphere i s  very i n s e n s i t i v e  t o  v a r i -  
a t ions  of t h e  Mach number and r a t i o  of s p e c i f i c  h e a t s  of t h e  s o l a r  wind gas .  

pSt/pmvm2 = 0.88l [5k2/ (5Mm2 - l )13’2 .  

One of  t h e  assumptions fundamental t o  t h e  a t ta inment  of t h e  numerical  
r e s u l t s  presented  i n  t h e  preceding pages i s  t h a t  t h e  Alfvgn Mach number i s  s u f -  
f i c i e n t l y  g r e a t e r  than u n i t y  t h a t  t h e  equat ions of magnetohydrodynamics can be 
approximated s a t i s f a c t o r i l y  by those  of gasdynamics f o r  t h e  computation of  t h e  
flow f i e l d  and t h a t  t h e  magnetic f i e l d  can be  c a l c u l a t e d  subsequent ly  by 
app l i ca t ion  of t h e  concept of t h e  magnetic f i e l d  l i n e s  moving with t h e  f l u i d  
as o u t l i n e d  on f i g u r e  11. Comparison of t h e  values  f o r  t h e  Alfvgn speed i n d i -  
ca ted  on f i g u r e  10 wi th  r e p r e s e n t a t i v e  values  f o r  t h e  v e l o c i t y  of  t h e  s o l a r  
wind assures  t h a t  t h i s  condi t ion  i s  e a s i l y  met i n  t h e  i n c i d e n t  s o l a r  wind. I t  
i s  more d i f f i c u l t  t o  make a similar a p r i o r i  comparison f o r  t h e  condi t ions  
behind t h e  bow wave because both t h e  flow v e l o c i t y  and t h e  Alfvgn v e l o c i t y  
vary considerably from p l a c e  t o  p l a c e .  Once t h e  v e l o c i t y ,  d e n s i t y ,  and mag- 
n e t i c  f i e l d  i n t e n s i t y  have been c a l c u l a t e d  f o r  any p o i n t ,  however, it i s  a 
simple mat te r  t o  eva lua te  t h e  Alfvgn Mach number and determine t o  what ex ten t  
t h e  requi red  c r i t e r i o n  i s  achieved. The r e s u l t s  of  such an examination a r e  
presented  i n  f i g u r e  35 f o r  two o r i e n t a t i o n s  of t h e  i n t e r p l a n e t a r y  magnetic 
f i e l d  f o r  t h e  case of  M, = 8 and y = 5/3.  The r e s u l t s  a r e  given i n  t h e  form 
of a r a t i o  of t h e  l o c a l  Alfvgn Mach number 
number MA, i n  o r d e r  t o  t a k e  advantage of t h e  s imple p r o p o r t i o n a l i t y  between 
t h e  two q u a n t i t i e s  a t  any p o i n t  i n  t h e  flow f i e l d .  
r e s u l t s  show t h a t  MA 

MA t o  t h e  f ree-s t ream Alfvgn Mach 

I f  MA, = 10, s ay ,  t h e  
is g r e a t e r  than  u n i t y  everywhere except  i n  a small 
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Figure  35.-  Alfv6n Mach number d i s t r i b u t i o n ;  M, = 8,  y = 5/3.  

region nea r  t h e  magnetosphere nose.  Although some l o c a l i z e d  depar tures  from 
t h e  ca l cu la t ed  r e s u l t s  might b e  a n t i c i p a t e d  i n  t h i s  reg ion ,  i t  would appear 
t h a t  t h e  l a r g e r  s c a l e  f e a t u r e s  of t h e  flow should be  q u i t e  adequately repre-  
s en ted  by t h e  gasdynamic and f r o z e n - f i e l d  c a l c u l a t i o n s .  The v a l i d i t y  of  t h e  
numerical r e s u l t s  should be  even more assured  as 
t h e  c r i t i c a l  reg ion  i n  which MA i s  l e s s  than u n i t y  decreases  i n  s i z e .  A s  
MA, 
and inc reas ing  d i f f e r e n c e s  between t h e  approximate numerical  r e s u l t s  and more 
exac t  t h e o r e t i c a l  o r  observa t iona l  r e s u l t s  should be  a n t i c i p a t e d .  I f  MA, 
should eve r  become as small as 2 o r  3,  t h e  c r i t i c a l  reg ion  of small l o c a l  
Alfvgn Mach number would become s o  ex tens ive  t h a t  s u b s t a n t i a l  depar tures  from 
t h e  present  r e s u l t s  should be  a n t i c i p a t e d .  Whether MA, can a c t u a l l y  a t t a i n  
such low values  i n  t h e  s o l a r  wind i s  not  known, bu t  t h e  prospec t  of f i nd ing  
an ex tens ive  a l t e r a t i o n  i n  t h e  b a s i c  flow p a t t e r n  around t h e  Earth should pro-  
v ide  an incen t ive  t o  examine observa t iona l  d a t a  f o r  t h i s  p a r t i c u l a r  f e a t u r e .  

MA, i nc reases  beyond 10  and 

decreases  below 10, however, t h e  c r i t i c a l  reg ion  expands s i g n i f i c a n t l y ,  

That t h e  procedures employed i n  numerical ly  so lv ing  t h e  non l inea r  equa- 
t i o n s  o f  gasdynamics f o r  t h e  flow around t h e  magnetosphere a r e  indeed capable  
of y i e l d i n g  r e s u l t s  t h a t  compare w e l l  with a c t u a l  aerodynamic measurements i s  
i l l u s t r a t e d  i n  f i g u r e  36. Shown i n  t h i s  f i g u r e  i s  a shadowgraph photograph 
of a metal model of t h e  magnetosphere i n  f l i g h t  a t  a Mach number of 4 .65  
through an argon atmosphere having a r a t i o  of  s p e c i f i c  h e a t s  y of  5 / 3 .  The 
dark shadow of t h e  bow wave i s  c l e a r l y  v i s i b l e  somewhat upstream of t h e  nose 
of t h e  model. Superposed on t h e  photograph i s  a dashed white  l i n e  i n d i c a t i n g  
t h e  t h e o r e t i c a l  l oca t ion  o f  t h e  bow wave computed f o r  M, = 4.65  and y = 5/3. 
I t  may be seen t h a t  t h e  agreement between t h e  a c t u a l  and computed loca t ions  of  
t h e  bow wave i s  v i r t u a l l y  p e r f e c t .  
f o r  t h e  a c t u a l  shape of  t h e  model, i t  should be noted  t h a t  var ious  experimen- 
t a l  c o n s t r a i n t s  r equ i r ed  t h e  shape of t h e  model t o  dev ia t e  i n  c e r t a i n  p a r t i c u -  
lars from t h e  shape of  t h e  a c t u a l  magnetosphere. 
devia t ions  should have no bea r ing  on t h e  v a l i d i t y  of t h e  p re sen t  comparisons, 
they w i l l  be  reviewed f o r  t h e  sake of completeness.  

Although t h e  c a l c u l a t i o n s  were performed 

Although t h e s e  and o t h e r  
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Figure 36.- Comparison of calculated and observed 
positions of bow wave of model magnetosphere 
in flight at Mach number 4.65 through argon; 
y = 5 / 3 .  

sound t h a t  Mach numbers as high as 4 . 5  o r  

The p r i n c i p a l  c o n s t r a i n t s  a r i se  
from t h e  fact  t h a t  t h e  experiment 
was conducted by f i r i n g  t h e  model 
magnetosphere from a .SO c a l i b e r  
l i gh t -gas  gun i n t o  t h e  tes t  chamber 
of t h e  Supersonic  Free F l i g h t  Wind 
Tunnel a t  Ames  Research Center.  In  
ord inary  use  of t h i s  f a c i l i t y ,  
models are f i r e d  upstream through an 
e longated  t e s t  s e c t i o n  of an o ther -  
wise normal supersonic  wind tunne l .  
The working f l u i d  usua l ly  employed 
i s  a i r ,  b u t  o t h e r  gases can be  used 
f o r  a more l i m i t e d  range of t e s t  
condi t ions  t h a t  can b e  reached by 
shoot ing  t h e  models i n t o  s t a t i o n a r y  
gas .  Since t h e  r e l a t i v e  v e l o c i t y  
between any given p r o j e c t i l e  and t h e  
gas i s  thus  l i m i t e d  by t h e  al lowable 
muzzle v e l o c i t y ,  t h e  maximum Mach 
number t h a t  can b e  a t t a i n e d  depends 
p r imar i ly  on t h e  speed of sound i n  
t h e  gas i n  t h e  t e s t  s e c t i o n .  By 
s e l e c t i n g  argon as t h e  gas ,  i t  is  
p o s s i b l e  t o  o b t a i n  a va lue  of 5 / 3  
f o r  y and a low enough speed of 
5 can b e  achieved by f i r i n g  t h e  pro- 

j e c t i l e  i n t o  s t a t i o n a r y  gas .  
those  experienced by t h e  a c t u a l  magnetosphere p a s t  which flows ion ized  hydro- 
gen a t  Mach numbers between, s ay ,  5 and 1 2  o r  more, they  a r e  s u f f i c i e n t l y  
c lose  with r e spec t  t o  t h e  two most important parameters of  t h e  a n a l y s i s ,  
namely, y and k,  t h a t  t h e  r e s u l t s  should be  use fu l  and i n s t r u c t i v e .  

Although t h e s e  condi t ions  are not  i d e n t i c a l  with 

Although t h e  a c t u a l  magnetosphere has an e longated  shape because of i t s  
extended t a i l ,  and i s  no t  axisymmetric, t h e  model had t o  be  of modest length  
and axisymmetric t o  permit  f i r i n g  i n  t h e  gun. Because of  t h e s e  requirements 
and i n  o rde r  t o  f a c i l i t a t e  comparison with t h e o r e t i c a l  r e s u l t s ,  t h e  model was 
contoured t o  t h e  shape descr ibed  by t h e  e q u a t o r i a l  t race of t h e  magnetosphere 
boundary ca l cu la t ed  by S p r e i t e r  and Hyet t  (1963) and S p r e i t e r  and Summers 
(1963) us ing  a modified ve r s ion  of t h e  Chapman-Ferraro theory  i n  which t h e  
r ight-hand s i d e  of  t h e  boundary condi t ion  
ps + pst cos2 J, i n  which ps i s  a cons t an t .  Resul t s  were given f o r  many 
d i f f e r e n t  values  f o r  t he  r a t i o  ps/pst ;  t h a t  s e l e c t e d  f o r  t h e  experiment i s  
ps/pst = 0.1.  
i l a r ,  although not  i d e n t i c a l ,  t o  t h a t  f o r  ps = 0 used elsewhere i n  t h i s  
paper .  I t  fol lows from t h e  b a s i c  r u l e s  of  subsonic  and supersonic  flow t h a t  
t h e  loca t ion  of  t h e  bow wave and d e t a i l s  o f  t h e  flow around t h e  forward p a r t  
of t h e  magnetosphere are very nea r ly  t h e  same whether 
va lue  f o r  t h i s  parameter  has  a profound in f luence  on t h e  shape of t h e  r e a r  of 
t h e  magnetosphere, however, and d e t a i l s  of t h e  flow may b e  expected t o  d i f f e r  
s u b s t a n t i a l l y  i n  t h i s  reg ion .  The l a t t e r  are n o t  v i s i b l e  i n  f i g u r e  36, how- 
eve r ,  because t h i s  p a r t i c u l a r  photograph was taken  wi th  a focuss ing  

H2/8v = pst cos2 J, i s  rep laced  by 

The sunward po r t ion  of t h e  r e s u l t i n g  magnetosphere i s  very s i m -  

ps/pst = 0 o r  0.1.  The 
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shadowgraph system which has  t h e  proper ty  o f  po r t r ay ing  t h e  shock wave with 
good r e s o l u t i o n ,  b u t  a t  t h e  sacr i f ice  of  most o t h e r  d e t a i l s  of t h e  flow. Most 
of t h e  s c a t t e r e d  i s o l a t e d  d e t a i l s  t h a t  a r e ,  i n  f ac t ,  v i s i b l e  are without aero-  
dynamic o r  geophysical  meaning and a r e  t h e  r e s u l t  o f  damage t o  t h e  viewing 
windows caused by impacting models and t h e i r  fragments i n  t h e  course  of years  
of  use of  t h e  f a c i l i t y .  

While comparisons such as those  shown i n  f i g u r e s  34 and 36 and elsewhere 
tend t o  confirm t h e  a p p l i c a b i l i t y  and genera l  cons is tency  of  t h e  approximations 
introduced t o  permi t  t h e  e s s e n t i a l  s o l u t i o n  of  t h e  equat ions  r ep resen t ing  t h e  
f l u i d  approach t o  t h e  i n t e r a c t i o n  o f  t h e  s o l a r  wind and t h e  geomagnetic f i e l d ,  
an examination of  condi t ions  i n  t h e  v i c i n i t y  of t h e  n e u t r a l  p o i n t s  on t h e  mag- 
netosphere boundary descr ibed  by S p r e i t e r  and Summers (1967) shows t h a t  cer- 
t a i n  a l t e r a t i o n s  o r  ref inements  of t h e  procedures  are r equ i r ed .  In  a sense ,  
t h e  changes i n  condi t ions  t o  b e  a n t i c i p a t e d  n e a r  t h e  n e u t r a l  p o i n t s  are a l l  
a s soc ia t ed  with t h e  dual  c h a r a c t e r  of t h e  express ion  f o r  
t h e  p re s su re  on t h e  magnetosphere boundary, and t h e  inadequacy, from t h e  f l u i d  
p o i n t  of view, of t h e  r e s u l t s  ob ta ined  therefrom when t h e  angle  $ between 
t h e  d i r e c t i o n  of  t h e  undis turbed flow v e l o c i t y  and t h e  outward normal t o  t h e  
magnetosphere boundary approaches 900. 

p = Kp,vm2 cos2 $ 

On t h e  b a s i s  of numerous d iscuss ions  and ana lyses  of  Chapman and Fer raro  
and o the r s  , t h e  magnetic f i e l d  l i n e s  comprising t h e  magnetosphere boundary 
have long been considered t o  t u r n  ab rup t ly  through 90° a t  t h e  n e u t r a l  p o i n t s  
and extend t o  t h e  Earth as a s i n g l e  l i n e .  I t  fol lows from t h e  equat ions 
d iv  lj = 0 and _curl lj = 0 
u re  1 2  t h a t  t h e  magnetic f i e l d  ! must vanish a t  t h e  n e u t r a l  p o i n t s .  As i s  
f r equen t ly  observed ( see ,  f o r  i n s t ance ,  Dungey, 1958),  t h i s  r e s u l t  when com- 
bined with t h e  boundary condi t ion  
o r  IJJ = 90'. Since i t  i s  a l s o  r equ i r ed  t h a t  cos $ > 0 a t  a l l  o t h e r  p o i n t s ,  
t h i s  r e s u l t  l eads  t o  inden ta t ions  i n  t h e  magnetosphere boundary i n  t h e  v i c i n -  
i t y  of each n e u t r a l  p o i n t ,  as can b e  seen  i n  t h e  meridian p lane  t r a c e s  of t h e  
boundary presented  i n  f i g u r e s  15 through 20. 

l i s t e d  f o r  t h e  i n t e r i o r  of t h e  magnetosphere on f i g -  

H2/8n  = pst cos2 $ implies  t h a t  cos $ = 0 ,  

Completely a p a r t  from mat te rs  concerning t h e  degree t o  which t h e  condi- 
t i o n  cos IJJ = 0 i s  s a t i s f i e d ,  t h e  shape of  t h e  magnetosphere boundary must 
a c t u a l l y  d i f f e r  s i g n i f i c a n t l y  from t h a t  i l l u s t r a t e d  i n  t h e  v i c i n i t y  of each 
n e u t r a l  p o i n t .  Kendall (1962) d iscussed  t h e  s i t u a t i o n  wi th in  t h e  framework o f  
f r e e  p a r t i c l e  flow, and observed t h a t  t h e  shape of  t h e  boundary immediately 
downstream from t h e  n e u t r a l  p o i n t s  must b e  modified because of t h e  a d d i t i o n a l  
p re s su re  r e s u l t i n g  from t h e  second impact of  p a r t i c l e s  t h a t  have r icocheted  
off more upstream elements of t h e  s u r f a c e .  
examined from t h e  f l u i d  p o i n t  of view, b u t  we may commence t h e  d i scuss ion  by 
no t ing  t h a t  Walters (1966) has  poin ted  ou t  t h a t  t h e  presence of a concave 
curve o r  corner  on t h e  magnetosphere boundary i n  a reg ion  of supersonic  flow 
would r e s u l t  i n  t h e  formation of a shock wave a t t ached  t o  t h e  magnetosphere 
boundary. 

The s i t u a t i o n  i s  more complex when 

The shadowgraph i n  f i g u r e  37 i l l u s t r a t e s  such an a t t ached  shock wave i n  a 
flow with a f ree-s t ream Mach number of 5 . 0 3  and a r a t i o  of s p e c i f i c  h e a t s  of 
y = 5/3  about a s i m p l i f i e d  magnetosphere shape with a concave corner .  
photograph was taken i n  an experiment conducted i n  t h e  same way as descr ibed  

34 
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f o r  f i g u r e  36. 
because t h e  model, while  s t i l l  axisym- 
met r ic ,  was contoured t o  correspond t o  
t h e  p r i n c i p a l  meridian,  r a t h e r  than  t h e  
e q u a t o r i a l ,  t r a c e  of t h e  magnetosphere 
boundary . 

The r e s u l t s  d i f f e r  

Although an a t t ached  shock wave i s  
thus  t o  be  expected i n  supersonic  flow 
around a s o l i d  o b s t a c l e  wi th  indenta-  
t i o n s  l i k e  those  of t h e  t h e o r e t i c a l  
magnetosphere shapes i l l u s t r a t e d  i n  
f i g u r e s  15 through 20,  it is  no t  what 
i s  t o  be  expected i n  h igh  Mach number 
flow around t h e  a c t u a l  magnetosphere. 
The reason is t h a t  t h e  magnetosphere 

Figure  3 7 . -  Focussed shadowgraph o f  model of 
magnetosphere i n  f l i g h t  at Mach 
through argon; y = 5/3. 
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is  not a s o l i d  o b s t a c l e  of f i x e d  geometry, b u t  a s u r f a c e  t h a t  must a d j u s t  i t s  
shape i n  such a way t h a t  t h e  ba lance  between gas and magnetic p re s su re  be  
maintained i n  accordance wi th  t h e  approximate r e l a t i o n  (H2/8~)mag = pflow 
given on f i g u r e  1 2  f o r  a t a n g e n t i a l  d i s c o n t i n u i t y .  Now t h e  presence of an 
a t t ached  shock wave r equ i r e s  t h a t  t h e r e  be  a discont inuous change i n  t h e  gas 
p re s su re  on t h e  magnetosphere boundary a t  t h e  f o o t  of t h e  shock wave. Since 
d iv  Ij = 0 ,  sgrl E = 0 ,  and Hn = 0 taken toge the r  imply t h a t  i s  cont inu-  
ous,  t h e r e  can, however, be  no ba lanc ing  d i s c o n t i n u i t y  i n  t h e  magnetic 
p re s su re  ~ 2 / 8 ~ .  

Addit ional  d i f f i c u l t i e s  occur  i f  t h e  a t t ached  shock wave i s  obl ique  t o  
t h e  magnetosphere boundary, as it appears t o  be  i n  f i g u r e  37, because t h e  
flow, and t h e r e f o r e  t h e  magnetosphere boundary as well ,  would be requi red  t o  
t u r n  a sharp  corner .  
e i t h e r  zero o r  i n f i n i t e  a t  t h e  apex, depending on whether t h e  corner  were con- 
cave o r  convex toward t h e  magnetosphere i n t e r i o r .  Correspondingly,  t h e  mag- 
n e t i c  p re s su re  would be  e i t h e r  zero o r  i n f i n i t e  a t  t h e  corner ,  and a second 
condi t ion  would be  imposed t h a t  would be impossible  t o  achieve with a gas 
p re s su re .  A f u r t h e r  d i f f i c u l t y  with t h e  f l u i d  ex tens ion  of t h e  convent ional  
theory of t he  magnetosphere boundary i s  t h a t  t h e  l a t t e r  i n d i c a t e s  t h a t  
lj = 0 a t  t h e  n e u t r a l  p o i n t s .  The boundary condi t ion  express ing  t h e  p re s su re  
balance would t h e r e f o r e  r e q u i r e  t h a t  t h e  p re s su re  p vanish a t  t h e s e  p o i n t s ,  
b u t  t h i s  i s  a l s o  impossible  i n  a gas .  A s t e p  toward t h e  r e s o l u t i o n  of t h i s  
con t r ad ic t ion  i s  suggested by cons ider ing  a magnetosphere boundary model i n  
which t h e  Newtonian p res su re  formula 
p = ps + Kpmvm2 cos2 $ where cos $ > 0 and by p = ps where cos $ 5 0 .  
A s  descr ibed  previous ly  ( S p r e i t e r  and-Hyett, 1963; S p r e i t e r  and Summers , 1963; 
S l u t z  and Winkelman, 1964),  t h e  magnetosphere boundary def ined  by t h i s  model 
conta ins  a sharp  cus d i r e c t e d  toward t h e  Ear th  a t  each n e u t r a l  p o i n t  f o r  a l l  
values  f o r  pS/Kpmvmg = ps/pst except  zero.  Although t h i s  r e s u l t  i s  cons is -  
t e n t  with t h e  requirements of t h e  f r e e - p a r t i c l e  approach, and has been pro-  
posed aga in  more r e c e n t l y  by Grad and Hu (1966) t o  be  t h e  appropr i a t e  
conf igura t ion  t o  cons ider  f o r  t h i s  reg ion ,  i t  i s  n o t  an admiss ib le  s o l u t i o n  
from t h e  f l u i d  p o i n t  of  view because t h e  flow cannot fol low t h e  cusped 
contour without  developing a shock wave. 

A c u r l - f r e e  and d ivergence- f ree  magnetic f i e l d  would be  

t 
p = Kpmvm2 cos2 $ i s  rep laced  by 

I 
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S p r e i t e r  and Summers (1967) have observed t h a t  t h e  d i f f i c u l t i e s  may b e  
resolved if t h e  boundary of t h e  flowing s o l a r  plasma i s  considered t o  s e p a r a t e  
from t h e  boundary of t h e  geomagnetic f i e l d  s o  as t o  form an enclosed reg ion  of  
f i n i t e  e x t e n t  f i l l e d  wi th  e s s e n t i a l l y  s t a t i o n a r y  gas a t  cons tan t  p r e s s u r e  pc, 
as i l l u s t r a t e d  i n  f i g u r e  38. Since t h e  t a n g e n t i a l  v e l o c i t y  components a r e  
d i f f e r e n t  on t h e  two s i d e s  of  t h e  f ree  s t r eaml ine  t h a t  d iv ides  t h e  flowing 

MAGNETOSPHERE 
BOUNDARY 

FREE STREAMLINE --__ 
V///////. TRAPPED PLASMA 

I r’Dl 

34.50 

(a )  (b)  

Figure  38.- Cusp-shaped r eg ions  of ho t  plasma i n  t h e  v i c i n i t y  o f  n e u t r a l  p o i n t s .  

s o l a r  plasma from t h e  s t a t i o n a r y  t rapped  plasma, and t h e  normal v e l o c i t y  com- 
ponent i s  zero,  condi t ions  on t h e  two s i d e s  of t h e  f ree  s t r eaml ine  a r e  con- 
s ide red  t o  be  i n  accordance with those  of  a t a n g e n t i a l  hydromagnetic discon- 
t i n u i t y  ou t l ined  on f i g u r e  9 .  Arb i t r a ry  changes i n  dens i ty  and t a n g e n t i a l  
components of t h e  v e l o c i t y  and magnetic f i e l d  are allowed ac ross  such a s u r -  
f ace ,  bu t  t h e  normal component of  t h e  magnetic f i e l d  must b e  zero,  and t h e  
sum of t h e  gas p re s su re  p and t h e  magnetic p re s su re  H2/8n must be  t h e  same 
on both s i d e s  of t h e  s u r f a c e .  Although t h e  magnetic f i e l d  i s  considered t o  be 
s u f f i c i e n t l y  s t r o n g  t o  provide t h e  necessary c o l l e c t i v e  i n t e r a c t i o n  between 
t h e  ind iv idua l  p a r t i c l e s  of t h e  r a r e f i e d  plasma t o  enable  it t o  a c t  l i k e  a 
f l u i d ,  i t  i s  neve r the l e s s  considered t o  b e  s u f f i c i e n t l y  weak t h a t  t h e  magnetic 
p re s su re  i s  otherwise n e g l i g i b l y  small compared with t h e  gas p re s su re  on both 
s i d e s  of t h e  d i s c o n t i n u i t y .  With previous theory r e t a i n e d  as much as poss ib l e ,  
it follows t h a t  pc = p s t  cos2 $y where $f i s  t h e  angle  $ assoc ia t ed  with 4 

t h e  f r e e  s t r eaml ine ,  and t h e  magnetic f i e l d  i s  such t h a t  Hc2/87r = pc = const  
and 
t rapped plasma. 
t i o n s  s p e c i f i e d  on f i g u r e  1 2  a r e  t o  b e  app l i ed  i n  t h e  usual  manner. 

H, = 0 along t h e  po r t ion  of  t h e  magnetosphere boundary ad jacent  t o  t h e  
Over t h e  remainder of t h e  magnetosphere boundary, t h e  condi- 

Although t h e  exac t  s o l u t i o n  of t h i s  problem has not  been determined, an 
approximate procedure has been descr ibed  by S p r e i t e r  and Summers (1967) t h a t  
leads t o  t h e  r e s u l t s  f o r  t h e  shape of t h e  p r i n c i p a l  meridian t r a c e  of t h e  mag- 
netosphere boundary i l l u s t r a t e d  i n  f i g u r e  38. A s  can be  seen ,  t h e  s t r eaml ine  
bounding t h e  flowing plasma coinc ides  with t h e  magnetosphere boundary from 
t h e  s t agna t ion  p o i n t  a t  t h e  nose t o  a s e p a r a t i o n  p o i n t ,  s i t u a t e d  somewhat 
upstream of  t h e  n e u t r a l  p o i n t .  The flow then  detaches from t h e  boundary of 
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t h e  geomagnetic f i e l d  and follows a f r e e  s t r eaml ine  of  cons tan t  p re s su re  u n t i l  
it rea t t aches  t o  t h e  magnetosphere boundary a t  a p o i n t  somewhat downstream of 

i n d i c a t e s  t h a t  t h e  
f r e e  s t reaml ine  must be a s t r a i g h t  l i n e  i n  t h e  p r i n c i p a l  meridian p lane .  I t  
must a l s o  be  t a n g e n t i a l  t o  t h e  magnetosphere boundary a t  both t h e  detachment 
and reattachment p o i n t s  s i n c e  otherwise unwanted d i s c o n t i n u i t i e s  o r  s i n g u l a r i -  
t i e s  i n  t h e  p re s su re  would occur t h a t  could not  b e  balanced s a t i s f a c t o r i l y  by 
the  magnetic p re s su re  wi th in  t h e  magnetosphere. 
r e s u l t s  shown i n  f i g u r e  38 do not  d i sp l ay  t h e  f e a t u r e  adequately,  t h e  p o r t i o n  
of t h e  magnetosphere boundary ad jacent  t o  t h e  s t a t i o n a r y  plasma must b e  suf -  
f i c i e n t l y  sharp ly  cusped t h a t  
p o i n t s .  

t he  n e u t r a l  p o i n t .  The r e l a t i o n  pc - - pSt cos2 $ = cons t  

Although t h e  approximate 

/ ,HI  i s  cons tan t  and d i f f e r e n t  from zero a t  a l l  

Since t h e  gas t rapped  i n  t h e  cusped reg ions  must have come o r i g i n a l l y  
from t h e  s o l a r  wind, i t s  temperature Tc can be  es t imated  t o  b e  t h e  same as 
the  s t agna t ion  temperature  of t h e  s o l a r  wind. The l a t t e r  is  given i n  terms of 
t h e  temperature  T, and Mach number M, of t h e  i n c i d e n t  s o l a r  wind by t h e  
expression Tc = T m [ l  + (y - 1 ) b 2 / 2 ]  ob ta ined  from t h e  more general  expres-  
s i o n  given on f i g u r e  2 3  by s e t t i n g  v/v, t o  zero .  The temperature  of t h e  
t rapped gas i s  thus  independent of t h e  r e l a t i v e  o r i e n t a t i o n  of t h e  d ipo le  ax i s  
and t h e  f ree-s t ream d i r e c t i o n  of t h e  s o l a r  wind, and i s  equa l ,  f o r  example, t o  
22.3Tm when M, = 8 and y = 5/3.  The number dens i ty  nc o f  t h e  t rapped pro- 
tons can be  es t imated  by combinin5 t h e  above express ion  f o r  
r e l a t i o n  i n  t h e  d e r i v a t i o n  of which t h e  c o e f f i -  
c i e n t  K has been equated t o  un i ty  f o r  s i m p l i c i t y .  The r e s u l t i n g  expression 
f o r  t h e  r a t i o  nc/n,  o f  t h e  number dens i ty  of t rapped  pro tons  t o  t h a t  of t h e  
inc iden t  s o l a r  wind i s  For flow 
with M, = 8 and y = 5/3,  S p r e i t e r  and Summers (1967) f i n d  t h a t  $f = 5 3 O  and 
nc/nm = 1 .73  when t h e  d i p o l e  a x i s  is  normal t o  t h e  d i r e c t i o n  of t h e  s o l a r  
wind. When t h e  d i r e c t i o n  of t h e  s o l a r  wind i s  i n c l i n e d  34.S0, t h e  correspond- 
ing  values  a r e  33O and 3.34 i n  t h e  summer hemisphere and 73O and 0.39 i n  t h e  
win te r  hemisphere. 

Tc with t h e  
pc = 2nckTc = pmvm2 cos $ f ,  

nC/& = ( 2 y k 2  cos2 $ f ) / [ 2  + (y - 1)Mm2]. 

Each t rapping  reg ion  may be  recognized t o  have e s s e n t i a l l y  t h e  same shape 
as t h e  axisymmetric cusped geometry conf igu ra t ions  considered i n  s t u d i e s  of 
plasma containment f o r  product ion of thermonuclear energy. The major advan- 
tage of t h e  cusped conf igu ra t ion  i s  i t s  s t a b i l i t y .  One of i t s  ch ie f  disadvan- 
tages  is  t h e  l a rge  ra te  of l o s s  of p a r t i c l e s .  S ince  a l a r g e  lo s s  r a t e  could 
have important geophysical consequences, both as a mechanism f o r  i n j e c t i n g  

s p i r a l  down along t h e  f i e l d  l i n e s  from t h e  n e u t r a l  p o i n t s  t o  l o c a l i z e d  reg ions  
i n  t h e  E a r t h ' s  atmosphere, i t  i s  of i n t e r e s t  t o  i n q u i r e  i n t o  t h e  l o s s  r a t e  
t h a t  might be expected. This has been done by S p r e i t e r  and Summers (1967) 
us ing  a b a s i c  express ion  given by Grad (1963) f o r  t h e  pro ton  l o s s  r a t e  u a t  
an axisymmetric cusp f o r  an i s o t r o p i c  d i s t r i b u t i o n  of p a r t i c l e s  of a s i n g l e  
speed V+, and dens i ty  nc.  I t  is  t h a t  u = 45(m /m+) 1/2ncV+cnX2/4 i n  
which 
e l e c t r o n  and a pro ton ,  and X = m+V+,c/eHc, i n  which e = 4 . 8 ~ 1 0 - l ~  e su  i s  t h e  
charge on an e l e c t r o n  and c = 3x1010 cm/sec i s  the  speed of  l i g h t ,  r ep resen t s  
t h e  gyro r ad ius  of  a pro ton  moving wi th  speed i n  a magnetic f i e l d  of  
i n t e n s i t y  H c .  Grossmann (1966) has r e c e n t l y  reexamined Grad's problem i n  

p a r t i c l e s  i n t o  t h e  magnetosphere i n  gene ra l ,  and as a source of p a r t i c l e s  t h a t  

3 

m- = 9 . 1 1 ~ 1 0 - ~ ~  gm and m, = 1 . 6 7 ~ 1 0 - ~ ~  gm r ep resen t  t h e  mass of an 

V+, 
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g r e a t e r  d e t a i l  and a r r i v e d  a t  an express ion  f o r  
numerical c o e f f i c i e n t  b u t  i s  o therwise  t h e  same as t h a t  presented  above. The 
corresponding Maxwell averaged l o s s  ra te  <u>  fol lows d i r e c t l y  upon r ep lace -  
ment of ncV$, by 3nkT/m+ i n  t h e  express ion  f o r  u .  I n s e r t i o n  o f  t h e  appro- 
p r i a t e  r e l a t i o n s  f o r  condi t ions  i n  t h e  t rapped  plasma leads t o  t h e  express ion  
<u> = 2 . 8 ~ 1 0 ' ~ [ ( y  - l) /y]1/2v,.  
Vm = 5 ~ 1 0 ~  cm/sec and y = 5/3, t h i s  express ion  i n d i c a t e s  a l o s s  ra te  of  
8 . 9 ~ 1 0 ~ '  p ro tons /sec  from each cusp. 
t h e  number dens i ty  of t h e  s o l a r  wind and t h e  r e l a t i v e  o r i e n t a t i o n  of  t h e  d ipo le  
ax i s  and t h e  d i r e c t i o n  o f  t h e  s o l a r  wind. 
p a r t i c l e  f l u x  i s  d i s t r i b u t e d  nea r  t h e  t i p  of  t h e  cusp i s  found t o  be  given by 
A = 2 . 8 ~ 1 0 ' ~ ( y  - l ) / (ynm cos2 $f) f o r  free-stream Mach numbers much g r e a t e r  
than un i ty .  
v i c i n i t y  of t h e  t i p  of  t h e  cusp i s  thus  p ropor t iona l  t o  t h e  s o l a r  wind f l u x  
n,v, and e x h i b i t s  s u b s t a n t i a l  seasonal  v a r i a t i o n s  i n  accordance wi th  t h e  
values  f o r  cos2 $ f .  With <u>/A normalized t o  u n i t y  when t h e  d ipo le  a x i s  
i s  perpendicular  t o  t h e  d i r e c t i o n  of  t h e  s o l a r  wind, t h i s  r e s u l t  when combined 
with t h e  values  f o r  given above shows t h a t  t h e  f l u x  dens i ty  through t h e  
summer cusp i s  approximately 2 and t h a t  through t h e  win te r  cusp i s  approxi- 
mately 1/4.5 when t h e  d i r e c t i o n  of  t h e  s o l a r  wind i s  i n c l i n e d  34.50 t o  t h e  
p lane  normal t o  t h e  d i p o l e  a x i s .  S ince ,  i n  a d d i t i o n ,  t h e  dens i ty  of  t h e  s o l a r  
wind may vary by a f a c t o r  of 10 o r  more and t h e  v e l o c i t y  by a f a c t o r  of 3 o r  
more i n  time i n t e r v a l s  as s h o r t  as a f e w  minutes,  changes i n  t h e  values  of 
<u>/A 
t ime i n t e r v a l s .  The t o t a l  f l u x  of protons from each cusp would vary much 
less, however, because i t  depends only on v,. 

u t h a t  d i f f e r s  somewhat i n  

For r e p r e s e n t a t i v e  va lues  o f  

This  ra te  i s ,  moreover, independent o f  

The area A = 45nA2 over  which t h e  

The f l u x  dens i ty  of protons p e r  u n i t  area <u>/A out  of  t h e  

$f 

by a f a c t o r  o f  30 o r  more a r e  t o  be  a n t i c i p a t e d  i n  correspondingly s h o r t  

The p o s s i b l e  ex i s t ence  of  p a r t i c l e  f l u x e s  i n t o  t h e  magnetosphere n e a r  t h e  
n e u t r a l  p o i n t s  appears t o  be supported by labora tory  experiments designed t o  
s imula te  t h e  i n t e r a c t i o n  of  t h e  s o l a r  wind and t h e  geomagnetic f i e l d .  Resul t s  
obtained by independent groups i n  Canada (Osborne, Bachynski, and Gore, 1964) , 
Japan (Kawashima and Fukushima, 1964) , and USA (Cladis ,  Mi l l e r ,  and Basket t ,  
1964; Waniek and Kasai, 1966) have a l l  d i sp layed  i n j e c t i o n  of plasma i n t o  t h e  
magnetosphere from cusp-shaped regions extending toward t h e  Earth from t h e  
v i c i n i t y  of t h e  t h e o r e t i c a l  n e u t r a l  p o i n t s .  

Ground-based observa t iona l  evidence t h a t  such phenomena may a c t u a l l y  
occur i s  provided by magnetometer records from t h e  p o l a r  r eg ions .  
ab le  body of d a t a  gathered during t h e  I G Y  ( Ju ly  1957-December 1958) and t h e  
Second Polar  Year (August 1932-August 1933) has  been assembled and analyzed 4 

by Fukushima (1962) i n  var ious  ways according t o  t h e  time of day and y e a r ,  
and t h e  degree of  d i s turbance  of t h e  worldwide geomagnetic f i e l d .  The r e s u l t s  
show t h a t  t h e  p o l a r  regions a r e  cons t an t ly  d i s tu rbed ,  even a t  per iods  when t h e  
p lane tary  geomagnetic f i e l d  i s  very q u i e t .  
p l o t s  a r e  reproduced i n  f i g u r e  39. They show t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of 
t h e  average geomagnetic d i s turbance  nea r  t h e  noon-midnight geomagnetic merid- 
i ans  f o r  t h e  case of Kp = 00 ,  t h a t  i s ,  f o r  t h e  very q u i e t e s t  t imes as i n d i -  
ca t ed  by t h e  p l ane ta ry  geomagnetic index,  a t  two s e l e c t e d  sets of t imes 
extending over t he  e n t i r e  pe r iod  of t h e  I G Y .  The r e s u l t s  show t h a t  t h e  magni- 
tude of t h e  polar-cap d is turbance  i s  of  t h e  o r d e r  of a few o r  s eve ra l  t e n s  of 
gammas, t h a t  both p o l a r  caps a r e  equal ly  d i s t u r b e d  when t h e  geomagnetic d i p o l e  
a x i s  i s  p e rpendicular  t o  t h e  Sun-Earth l i n e  (A = 0) , and t h a t  t h e  d is turbances  
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Figure  39.-  Po la r  magnetic d i s tu rbance  on very q u i e t  days (Kp = 00) dur ing  IGY (Fukushima, 1962) .  

a r e  a maximum a t  summer noon and a minimum a t  win te r  midnight.  These r e s u l t s ,  
as wel l  as t h e  loca t ion  of  t h e  maximum dis turbances ,  appear t o  b e  c o n s i s t e n t  
with what might be  a n t i c i p a t e d  on t h e  b a s i s  of  d i r e c t  invas ion  of  charged par -  
t i c l e s  o r  propagat ion of  hydromagnetic waves i n t o  t h e  p o l a r  reg ions  along t h e  
f i e l d s  from t h e  n e u t r a l  p o i n t s  on t h e  magnetosphere boundary. 

The r e s u l t s  descr ibed  above a r e  a l s o  c o n s i s t e n t  wi th  s e v e r a l  i n fe rences  
drawn by Lebeau (1965) from a n a l y s i s  of  d i u r n a l  magnetic a c t i v i t y  a t  a number 
of s t a t i o n s  a t  very high l a t i t u d e s  i n  t h e  a r c t i c  and a n t a r c t i c .  An important 
conclusion of h i s  s t u d i e s  i s  t h a t  s t a t i o n s  wi th in  a l a rge  p o r t i o n  of t h e  p o l a r  
cap d i sp lay  a d iu rna l  v a r i a t i o n  of  magnetic a c t i v i t y  t h a t  peaks s t rong ly  a t  a 
time midway between l o c a l  noon and magnetic noon. This  i s  expla ined  i n  terms 
of a model i n  which t h e  i n t e n s i t y  of  t h e  magnetic a c t i v i t y  i s  determined by 
t h e  combined a c t i o n  of  two s e p a r a t e  f a c t o r s ,  an "exc i t a t ion  f ac to r "  which 
tends t o  c r e a t e  a maximum a t  magnetic noon and a "modulation f a c t o r "  which i s  
con t ro l l ed  by l o c a l  t ime. The l a t t e r  i s  considered t o  r e s u l t  from s o l a r  

i n f luences  on t h e  conduct iv i ty  of  t h e  
400 - E-region of t h e  ionosphere.  The f o r -  I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I  

- mer i s  presumed t o  be  t h e  r e s u l t  of v) 
U 

; 0 200 p a r t i c l e  p r e c i p i t a t i o n ,  and d i sp lays  
many p r o p e r t i e s  t h a t  a r e  c o n s i s t e n t ,  
perhaps even q u a n t i t a t i v e l y ,  with t h e  
t h e o r e t i c a l  r e su l t s  descr ibed  above. 

- From f i g u r e  40 reproduced from Lebeau 
DUMONT D'URVILLE - (1965), i t  may b e  seen, f o r  i n s t ance ,  

- t h a t  t h e  seasonal  v a r i a t i o n  of t h e  
- - amplitude of  magnetic a c t i v i t y  a t  
- Godhavn i n  t h e  a r c t i c  i s  almost per -  

f e c t l y  ou t  of  phase with t h a t  a t  
Dumont d ' U r v i l l e  i n  t h e  a n t a r c t i c  
wi th  t h e  maximum a c t i v i t y  occurr ing  

an arct ic  s t a t i o n ,  Godhavn, and an a n t a r c t i c  a t  each S t a t i o n  during t h e  months of 
s t a t i o n ,  Dumont d ' U r v i l l e  (Lebeau, 1965).  l o c a l  summer. Values between about 
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Figure  40.- Amplitude o f  magnet ic  a c t i v i t y  for 
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3 t o  5 f o r  t h e  enhancement of t h e  amplitude o f  t h e  a c t i v i t y  observed i n  mid- 
summer months over  t h a t  a t  t h e  same s t a t i o n  i n  t h e  midwinter months a r e  compat- 
i b l e  with t h e  seasonal  v a r i a t i o n s  of  t h e  pro ton  f l u x  dens i ty  ca l cu la t ed  by 
S p r e i t e r  and Summers (1967). 
e x p l i c i t l y  f o r  Godhavn o r  Dumont d ' U r v i l l e ,  t h e  seasonal  v a r i a t i o n  should b e  
somewhat smaller than t h e  va lue  o f  9 quoted above because geometrical  f a c t o r s  
tend t o  prevent  observa t ion  a t  a s i n g l e  s t a t i o n  of  t h e  maximum value of t h e  
e x c i t a t i o n  f a c t o r  i n  t h e  e n t i r e  summer p o l a r  cap and t h e  minimum value i n  t h e  
e n t i r e  w in te r  p o l a r  cap. The amplitude of  t h e  magnetic v a r i a t i o n  a t  Godhavn 
may a l s o  be  seen t o  vary recognizably wi th  t h e  s o l a r  cyc le ,  b u t  with a range 
t h a t  i s  s u b s t a n t i a l l y  less than t h e  seasonal  v a r i a t i o n .  A s  an example, mean 
values  f o r  J u l y  1962 were only about 70 pe rcen t  of t hose  f o r  J u l y  1959. Such 
a change would correspond, assuming a l i n e a r  r e l a t i o n  between t h e  amplitude of  
t he  magnetic a c t i v i t y  and t h e  i n j e c t i o n  ra te ,  t o  a va lue  f o r  t h e  mean f l u x  
dens i ty  pwv, of t h e  s o l a r  wind about 70 percent  as l a r g e  i n  1962 as i n  1959. 
Although d i r e c t  measurements of t h e  dens i ty  and v e l o c i t y  of t h e  s o l a r  wind 
were not made i n  1959, t h i s  r e s u l t  i s  reasonable  i n  terms of known v a r i a t i o n s  
i n  t h e  s o l a r  wind and i t s  i n t e r a c t i o n  with t h e  E a r t h ' s  magnetic f i e l d .  

Although t h e  l a t t e r  have no t  been eva lua ted  

COMPARISON WITH OBSERVATIONS I N  SPACE 

The f i n a l  t e s t  of any theory  of t h e  i n t e r a c t i o n  between t h e  s o l a r  wind 

Such comparisons have a l ready  been made by s e v e r a l  d i f f e r e n t  groups 
and the  Earth must be  based on comparisons with observa t ions  a c t u a l l y  made i n  
space.  
on seve ra l  l e v e l s  of  d e t a i l .  These range from s imple  comparisons o f  gross  
f ea tu res  such as t h e  e x i s t e n c e  and loca t ion  of  t h e  magnetosphere boundary and 
the  bow shock wave t o  more d e t a i l e d  comparisons of f e a t u r e s  such as t h e  veloc-  
i t y ,  dens i ty ,  and temperature of t h e  flowing plasma and t h e  i n t e n s i t y  and 
d i r e c t i o n  of t he  magnetic f i e l d .  I t  i s  i n e v i t a b l e  t h a t  even f i n e r  d e t a i l s  
such as perhaps t h e  p r e c i s e  form of t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  p a r t i c l e s  
as wel l  as temporal f l u c t u a t i o n s  and changes o f  t h e  bulk q u a n t i t i e s  w i l l  b e  
compared as f u r t h e r  development of t h e  theory ,  ins t rumenta t ion ,  and d a t a  
processing techniques cont inues .  

Many of t h e  ea r l i e r  comparisons involv ing  t h e  bow wave made use  of  t h e  
t h e o r e t i c a l  r e s u l t s  of  S p r e i t e r  and Jones (1963) shown he re  i n  f i g u r e  41 .  
Included i n  t h i s  f i g u r e  are t h e  e q u a t o r i a l  t r a c e  of  t h e  magnetosphere boundary 
f o r  A = 0 given previous ly  i n  f i g u r e s  15 and 16 t o g e t h e r  with t h e  correspond- 
ing  shape of t h e  bow wave f o r  axisymmetric flow of a p e r f e c t  gas approaching 
t h e  Eart '  a t  a Mach number of 8.71. 
y = 2 w, Liven o r i g i n a l l y ,  b u t  t h e  corresponding r e s u l t s  f o r  y = 5/3 were 0 

made ava i l ab le  s h o r t l y  l a t e r  i n  I G  B u l l e t i n  84 (1964). Since i t  was an 
important p a r t  of t h e  o r i g i n a l  purpose i n  making t h e s e  ca l cu la t ions  t o  d e t e r -  
mine the  expected loca t ion  i n  space of  t h e  bow wave and t h e  magnetosphere 
boundary, t h e  r e s u l t s  were given i n  dimensional,  r a t h e r  than i n  nondimensional, 
form. Values f o r  t h e  number dens i ty  n, of t h e  pro tons  and t h e i r  bulk veloc-  
i t y  v, i n  t h e  inc iden t  s o l a r  wind were s e l e c t e d  as i n d i c a t e d  on t h e  f i g u r e ,  
although t h e  r e s u l t s  would be  i d e n t i c a l  f o r  any o t h e r  combination of values  
t h a t  leads t o  t h e  same product They could a l s o  be  changed simply t o  
correspond t o  any o t h e r  va lue  f o r  t h i s  product by a l t e r i n g  a l l  l i n e a r  

Only t h e  p o s i t i o n  of t h e  bow wave f o r  

n,vw2. 
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Figure  4 1 . -  C a l c u l a t e d  shape of shock wave and sugges ted  n a t u r e  of c o n d i t i o n s  i n  t h e  t r a n s i t i o n  
reg ion;  nm = 2.5 protons/cm3, V _  = 600 km/sec,  Bi = 5 gammas. 

2 dimensions i n  propor t ion  t o  t h e  r a t i o  of t h e  inve r se  s i x t h  roo t  of &vm . 
The value of 8.71 f o r  t h e  Mach number was s e l e c t e d  s o  as t o  be  equal t o  t h e  
Alfvgn Mach number corresponding t o  t h e  values  f o r  t h e  dens i ty ,  v e l o c i t y ,  and 
magnetic f i e l d  ind ica t ed  on t h e  f i g u r e .  
assoc ia ted  with f i g u r e  11, t h e r e  i s ,  however, no need t o  equate  t h e  Mach num- 
b e r  t o  t h e  Alfvgn Mach number. 
t h a t  t he  equat ions of magnetohydrodynamics can b e  approximated by t h e  s impler ,  
though s t i l l  complicated, equat ions of gasdynamics. A value of 8.71 f o r  t h e  
Mach number i s  , neve r the l e s s  , both reasonable  and s u f f i c i e n t l y  g r e a t  t h a t  t h e  
loca t ion  of t h e  bow wave does not  depend c r i t i c a l l y  on t h e  Mach number. 

A s  i s  ev ident  from t h e  d iscuss ion  

A l a r g e  value f o r  t h e  l a t t e r  merely in su res  

Also r e t a i n e d  on f i g u r e  41 a r e  small i n s e r t  p l o t s  suggested t o  be ind ica -  
t i v e  of poss ib l e  appearances of t h e  magnetic f i e l d  i n  t h e  region between t h e  
bow wave and t h e  magnetosphere. These were reproduced from r e s u l t s  ca l cu la t ed  
by Auer, Hurwitz, and Kilb (1961, 1962) f o r  t h e  d e t a i l e d  magnetic s t r u c t u r e  of 
t he  t r a n s i t i o n  region between a s teady  magnetic f i e l d  and an ad jacent  plasma 
containing a sma l l e r  magnetic f i e l d .  Resul t s  of similar c a l c u l a t i o n s  f o r  a 
much wider range of condi t ions  have been given subsequent ly  by Rossow (1965, 
1967) and Jones and Rossow (1965). Although a l l  of t h e s e  c a l c u l a t i o n s  a r e  f o r  

he re  as a three-dimensional s teady  flow problem, t h e  condi t ions  a t  any given 
i n s t a n t  a f t e r  t h e  one-dimensional i n t e r a c t i o n  zone has  become of s u f f i c i e n t  
width should be  approximately equiva len t  t o  those  a c t u a l l y  encountered i n  
space between t h e  magnetosphere boundary and t h e  bow wave. These r e s u l t s  
i l l u s t r a t e  t h a t  a va lue  of  2 f o r  t h e  Alfvgn Mach number based on t h e  v e l o c i t y  
component normal t o  t h e  shock wave i s  c r i t i c a l  , and t h a t  condi t ions  a s soc ia t ed  
with values  on e i t h e r  s i d e  of  2 a r e  s t r i k i n g l y  d i f f e r e n t .  If MA < 2 ,  as 
occurs w e l l  back along t h e  shock wave i n  genera l ,  and poss ib ly  n e a r  t h e  nose 
i f  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i s  s u f f i c i e n t l y  s t rong ,  t h e  magnetic 
f i e l d s  c a l c u l a t e d  by Auer, Hurwitz, and Kilb (1961, 1962) are o s c i l l a t o r y  and 
o rde r ly .  A p a i r  o f  examples f o r  p a r a l l e l  and a n t i p a r a l l e l  geomagnetic and 
i n t e r p l a n e t a r y  f i e l d s  i s  shown i n  t h e  small i n s e r t  f i g u r e s  f o r  MA = 1.54. 

, one-dimensional unsteady flow and t h e  geophysical a p p l i c a t i o n  i s  considered 
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Although t h e  magnetic f i e l d  v a r i a t i o n s  i n  t h e  t r a n s i t i o n  reg ion  are s imi la r  i n  
form f o r  t h e  two cases ,  t h e  r e s u l t s  are d i s t i n g u i s h a b l e  because of t h e  change 
i n  d i r e c t i o n  of  t h e  f i e l d  a t  t h e  magnetosphere i n t e r f a c e .  
i c a n t  i s  t h e  fact  t h a t  t h e  abso lu te  va lue  of t h e  magnetic f i e l d  undergoes no 
s i g n i f i c a n t  change a t  t h e  boundary of t h e  magnetosphere. If MA > 2 ,  t h e  mag- 
n e t i c  f i e l d  p r o f i l e  a t  any i n s t a n t  i s  very i r r e g u l a r ,  as i s  shown i n  t h e  
remaining p a i r  o f  small i n s e r t s  i n  f i g u r e  41. They a r e  f o r  an example i n  
which 
t o  t h e  geomagnetic f i e l d .  Of p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  fact  t h a t  t h e  
i r r e g u l a r  f i e l d  c a l c u l a t e d  f o r  t h e  t r a n s i t i o n  reg ion  r e t a i n s  t h e  same d i r e c -  
t i o n  as t h e  i n t e r p l a n e t a r y  f i e l d  and has an average va lue  t h a t  may be much 
l e s s  than t h e  i n t e n s i t y  of t h e  f i e l d  a t  t h e  boundary of t h e  magnetosphere. 

P a r t i c u l a r l y  s i g n i f -  

MA = 5 . 8  and t h e  i n t e r p l a n e t a r y  f i e l d  i s  e i t h e r  p a r a l l e l  o r  a n t i p a r a l l e l  

Figure 42 
Amazeen (1963) 
Auer, Hurwitz, 

shows some observa t iona l  r e s u l t s  ob ta ined  by Cah i l l  and 
with Explorer  1 2  t h a t  bea r  c l o s e  resemblance t o  t h e  r e s u l t s  of 
and Kilb (1962) f o r  MA > 2 .  The continuous l i n e  l abe led  
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Figure 42.- Explorer XI1 data resembling calculated results for antiparallel fields with MA > 2 
(Cahill and Amazeen, 1963). 

lBdil r ep resen t s  t h e  va lues  f o r  t h e  i n t e n s i t y  of t h e  geomagnetic f i e l d  calcu-  
l a t e d  by harmonic expansion of  t h e  su r face  va lues  according t o  t h e  a n a l y s i s  of  
Finch and Leaton (1957). Because of  t h e  r e l a t i v e l y  l a r g e  values  f o r  r /ae,  
t h e  ca l cu la t ed  i n t e n s i t i e s  a r e  very nea r ly  those  provided by t h e  geomagnetic 
d ipole  term alone,  s i n c e  t h e  o t h e r  terms are n o t  only sma l l e r  a t  t h e  Ear th ' s  
su r f ace  but  diminish more r ap id ly  with inc reas ing  a l t i t u d e .  The d a t a  p o i n t s  
and broken curves r ep resen t  t h e  measured values  f o r  t h e  i n t e n s i t y  
t h e  d i r e c t i o n  of t h e  a c t u a l  magnetic f i e l d .  The angle  a l i es  between t h e  P 

d i r e c t i o n  of t h e  magnetic f i e l d  and t h e  s p i n  a x i s  of t h e  spacec ra f t .  
angle  $ l i e s  between t h e  p lane  conta in ing  t h e  magnetic f i e l d  and t h e  s p i n  
ax i s  and t h e  p lane  conta in ing  t h e  Sun d i r e c t i o n  and t h e  s p i n  a x i s .  
po in t  shown rep resen t s  t h e  average of 20 ind iv idua l  measurements made a t  t h e  
ra te  of approximately 3 p e r  second, and only a small f r a c t i o n  of even t h e s e  
values  i s  included on t h e  p l o t .  Moreover, each component of  t h e  ind iv idua l  
measurements conta ins  an unce r t a in ty  of k12y r e s u l t i n g  from d i g i t i z a t i o n  of 
t h e  da t a .  
8.2 Earth r a d i i ,  was t r a v e r s e d  by Explorer  12 a t  a geomagnetic l a t i t u d e  of 
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I 

+13.0° a t  a l o c a l  time of  1200 on September 13, 1961. 
observed a t  t h i s  time on t h e  E a r t h ' s  s u r f a c e  was moderately d i s tu rbed  with 
seve ra l  obse rva to r i e s  r e p o r t i n g  t h a t  a moderately seve re  magnetic storm 
commenced suddenly a few hours  e a r l i e r  a t  1554 UT (Lincoln,  1962). 

The geomagnetic f i e l d  

A noteworthy f e a t u r e  of  t h e  r e s u l t s  shown i n  f i g u r e  42 i s  t h a t  t h e  bound- 
a ry  of t h e  magnetosphere i s  def ined  as much o r  more by t h e  abrupt  change i n  
d i r e c t i o n  (note t h a t  JI changes by approximately 1800) as by t h e  change i n  
t h e  i n t e n s i t y  of t h e  f i e l d .  
i s  r e l a t i v e l y  cons tan t  and of  about twice t h e  i n t e n s i t y  of  t h e  ex t r apo la t ed  
su r face  f i e l d ,  as assumed i n  t h e  approximate c a l c u l a t i o n  o f  t h e  shape o f  t h e  
magnetosphere boundary o u t l i n e d  on f i g u r e  13. 
is i r r e g u l a r ,  much as c a l c u l a t e d  by Auer, Hurwitz, and Kilb (1962) f o r  
MA > 2 .  No evidence of  passage through t h e  bow wave is  apparent  i n  t h e  d a t a  
presented  i n  f i g u r e  42, b u t  i t  is q u i t e  l i k e l y  t h a t  t h i s  is  because t h e  bow 
wave is  f a r t h e r  from t h e  Earth than t h e  g r e a t e s t  d i s t a n c e  f o r  which d a t a  are 
ind ica t ed .  

J u s t  i n s i d e  t h e  magnetosphere, t h e  magnetic f i e l d  

Beyond t h e  boundary, t h e  f i e l d  

The ca l cu la t ed  r e s u l t s  f o r  MA < 2 a l s o  have a counterpar t  i n  t h e  d a t a  
presented  by C a h i l l  and Amazeen (1963) and i l l u s t r a t e d  he re  i n  f i g u r e  43. On 
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Figure 43.- Explorer XI1 data resembling calculated results for antiparallel fields with MA < 2 
(Cahill and Amazeen, 1963). 

t h i s  occasion Explorer  1 2  c rossed  t h e  magnetosphere boundary a t  a geomagnetic 
l a t i t u d e  of -18.2O a t  a l o c a l  time of 0822. A s  i n  f i g u r e  42, t h e r e  i s  aga in  
a sudden marked change i n  t h e  d i r e c t i o n  of t h e  magnetic f i e l d  a t  t h e  magneto- 
sphere boundary a t  10.6 Earth r a d i i .  There i s ,  however, no s i g n i f i c a n t  change 
i n  i n t e n s i t y .  F a r t h e r  from t h e  Ear th ,  t h e  magnetic f i e l d  appears t o  develop 
an o s c i l l a t o r y  c h a r a c t e r  t h a t  resembles,  a t  least  i n  broad o u t l i n e ,  t h e  calcu-  
l a t e d  r e s u l t s  of  Auer, Hurwitz, and Kilb (1961, 1962) f o r  MA < 2.  In  both 
f igu res  42 and 43, it may be  observed t h a t  d a t a  from Explorer  1 2  more nea r ly  
resemble t h e  c a l c u l a t e d  r e s u l t s  f o r  a n t i p a r a l l e l  r a t h e r  than  p a r a l l e l  f i e l d s .  
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Deta i led  a n a l y s i s  o f  t h e  magnetometer d a t a  obta ined  over  t h e  e n t i r e  use- 
f u l  l i f e  of Explorer  1 2 ,  which extended from August 16 t o  December 6 ,  1961, 
has  revea led  many o t h e r  important f e a t u r e s  of  t h e  o u t e r  magnetosphere and t h e  
surrounding flow. Mead and C a h i l l  (1967) have examined t h e  d a t a  covering t h e  
reg ion  from 3-1/2 t o  13 Ear th  r a d i i  f o r  seven passes  dur ing  geomagnetically 
q u i e t  times, and made comparisons both wi th  t h e  Jensen  and Cain (1962) harmonic 
r ep resen ta t ion  of  t h e  con t r ibu t ions  of  i n t e r n a l  sources  and t h e  Mead (1964) 
bounded magnetosphere f i e l d  model. 
7 Earth r a d i i  t o  t h e  boundary of  t h e  magnetosphere, t h e  magnitude and d i r ec -  
t i o n  of t h e  observed f i e l d  a r e  shown t o  agree  w e l l  wi th  t h e  r e s u l t s  calcu-  
l a t e d  using t h e  l a t t e r  model. 
of t h e  f i e l d  l i n e s  ou t  o f  t h e  d ipo le  magnetic meridian p l ane  i s  observed, cor-  
responding t o  t h e  tendency of  t h e  f i e l d  t o  p o i n t  i n  t h e  a n t i s o l a r  d i r e c t i o n  i n  
t h e  southern hemisphere. 
observed t o  be i n  t h e  oppos i te  sense  from t h a t  expected,  however. This r e s u l t  
i s  i n t e r p r e t e d  as i n d i c a t i n g  t h a t  t h e r e  may poss ib ly  e x i s t  l a r g e  north-south 
magnetosphere asymmetries even when t h e  s o l a r  wind i s  d i r e c t e d  nea r ly  
perpendicular  t o  t h e  d ipo le  a x i s .  

Near t h e  noon meridian and from 6 o r  

Near t h e  dawn meridian,  a s i g n i f i c a n t  t w i s t i n g  

On one pass  no r th  of  t h e  equator ,  t h e  t w i s t i n g  i s  

More than 70 d i s t i n c t  magnetosphere boundary c ros s ings  by Explorer  1 2  
have been analyzed ex tens ive ly  by C a h i l l  and Patel  (1967). The loca t ion  of  
t h e  boundary was compared wi th  t h e  t h e o r e t i c a l  p o s i t i o n  determined by Mead 
(1964), d i sp layed  h e r e  i n  f i g u r e  19, normalized t o  a geocen t r i c  d i s t ance  t o  
t h e  magnetosphere nose of 10.7 Earth r a d i i .  The measurements a r e  genera l ly  
cons i s t en t  with t h e  t h e o r e t i c a l  p r e d i c t i o n s ,  b u t  t h e  day-to-day boundary 
f l u c t u a t i o n s  and t h e  lack of  an e f f e c t i v e  plasma probe on Explorer  1 2  preclude 
making a p r e c i s e  eva lua t ion  of  t h e  theory .  
repor ted  t o  be  usua l ly  between about 20 and 300 km. Such d i s t ances  a r e  su f -  
f i c i e n t l y  small t o  j u s t i f y  t h e  t h e o r e t i c a l  i d e a l i z a t i o n  of  t h e  boundary as a 
d i scon t inu i ty  su r face  f o r  most purposes concerned with t h e  e x t e r n a l  aerodynam- 
i c s  of t h e  magnetosphere. 
boundary i s  lacking ,  and th icknesses  as g r e a t  as s e v e r a l  thousand k i lometers  
a r e  ind ica t ed  i f  t h e  boundary th ickness  i s  considered t o  be t h e  e n t i r e  d i s -  
tance over which slow changes from magnetosphere t o  t r a n s i t i o n  region values  
occur .  

The th ickness  of  t h e  boundary was 

On a few occas ions ,  however, a sharp ly  def ined  

Evidence of boundary motion was provided by t h e  appearance of mul t ip l e  
boundary c ros s ings ,  much l i k e  those  observed e a r l i e r  i n  t h e  f l i g h t  of Explorer 
10, i n  2 2  of t h e  44 passages examined i n  d e t a i l .  Motion o f  t h e  boundary by 
more than 1000 km was i n f e r r e d  from measurements on 8 pas ses ,  b u t  sma l l e r  
motions (100 t o  1000 km) appeared more f r equen t ly .  Cah i l l  and P a t e l  (1967) 
have suggested t h a t  t h e  boundary motion could,  on occasion,  be  p e r i o d i c .  Evi- P 

dence i n  support  o f  t h e  view t h a t  even t h e  l a r g e s t  amplitude v a r i a t i o n s  i n  t h e  
p o s i t i o n  of t h e  magnetosphere boundary de tec t ed  by Explorer  1 2  may be pe r iod ic  
i s  given by Freeman, Kavanagh, and C a h i l l  (1967). The d a t a  are p r i n c i p a l l y  
t h a t  obtained on t h e  outward pass  on August 1 2 ,  1961, when t h e  s a t e l l i t e  was 
i n  the  f o r t u i t o u s  p o s i t i o n  t o  observe two complete cyc les  of  a major boundary 
motion, t oge the r  with more fragmentary r e s u l t s  ob ta ined  on s e v e r a l  o t h e r  occa- 
s i o n s .  These d a t a ,  l imi t ed  though they may be ,  t end  t o  suggest  a p e r i o d i c i t y  
of t h e  order  of  1 /2  hour .  Whether such a presumed p e r i o d i c i t y  r ep resen t s  t h e  
n a t u r a l  o r  resonant  pe r iod  of  t h e  magnetosphere, o r  t h e  response t o  a d r iv ing  
p e r i o d i c i t y  i n  t h e  s o l a r  wind remains unce r t a in .  Quite  independently of t h e  
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o r i g i n  of t hese  o s c i l l a t i o n s ,  Freeman, Kavanagh, and C a h i l l  (1967) go on t o  
suggest  t h a t  they may be r e spons ib l e  f o r  t h e  40 t o  50 minute f l u c t u a t i o n s  found 
i n  t h e  e q u a t o r i a l  su r f ace  magnetic f i e l d  by P a i  and Sarabhai  (1964). 

On t h e  o t h e r  hand, absence of  apparent  boundary motion i n  h a l f  o f  t h e  pas- 
sages examined i n d i c a t e s  t h a t  gross  boundary i n s t a b i l i t y  i s  not  a c h a r a c t e r i s -  
t i c  of t h e  forward p a r t  of t h e  magnetosphere boundary. 
preclude such i n s t a b i l i t i e s  from occurr ing  along t h e  boundary of t h e  
magnetosphere t a i l ,  however. 

These r e s u l t s  do no t  

Cah i l l  and Pa te1  (1967) concluded from t h e i r  a n a l y s i s  of  t h e  d a t a  t h a t  
t h e  boundary observa t ions  are gene ra l ly  cons i s t en t  wi th  t h e  c losed  magneto- 
sphere model of  Chapman and Fe r ra ro  descr ibed  i n  t h i s  paper ,  al though t h e  
boundary may, on occasion,  be  open i n  t h e  manner suggested by Dungey (1963). 
Addit ional  support  f o r  these '  conclusions are provided i n  a r e l a t e d  s tudy of 
t h e  magnitude o f  t h e  magnetic f i e l d  component normal t o  t h e  magnetosphere' 
boundary conducted by Sonnerup and Cah i l l  (1967). This f i e l d  component was 
found, with a few no tab le  except ions ,  t o  be very small compared with t h e  t an -  
g e n t i a l  component. I n  p a r t i c u l a r ,  they concluded t h e r e  i s  l i t t l e  o v e r a l l  
agreement with t h e  open magnetosphere p r e d i c t i o n  of Levy, Petschek, and Siscoe  
(1964) t h a t  t h e  magnitude of t h e  normal component should b e  a t  l e a s t  10 per -  
cent  and more l i k e l y  20 percent  of t h e  t o t a l  f i e l d  i n t e n s i t y .  This r e s u l t  
lends s u b s t a n t i a l  observa t iona l  support  t o  t h e  use  of  a hydromagnetic tangen- 
t i a l  d i s c o n t i n u i t y  s u r f a c e ,  a t  which t h e r e  i s  no normal component t o  t h e  mag- 
n e t i c  f i e l d ,  t o  r ep resen t  t h e  s t e a d y - s t a t e  magnetosphere boundary. Data 
cons i s t en t  with a r o t a t i o n a l  d i s c o n t i n u i t y  su r face  such as has been a s soc ia t ed  
with t h e  open magnetosphere model were observed on two occas ions ,  both of 
which occurred while  a geomagnetic storm was i n  p rogres s .  Under such circum- 
s t ances ,  t h e  magnetosphere might be expected t o  be i n  a t r a n s i e n t  s t a t e  of 
con t r ac t ion  o r  expansion, and t h e  usual  s ta tements  r e l a t e d  t o  t h e  s t e a d y - s t a t e  
magnetosphere boundary would no t  n e c e s s a r i l y  be  expected t o  apply.  

Because apogee of Explorer  1 2  was only about 13 Ear th  r a d i i ,  t h e  bow wave 
was t r ave r sed  on only t h r e e  o r b i t s  a t  times when t h e  magnetosphere was i n  a 
h ighly  compressed s t a t e .  Kaufmann (1967) has examined t h e  d a t a  on each of 
t hese  occas ions .  The l o c a t i o n  of t h e  bow wave r e l a t i v e  t o  t h e  magnetosphere 
and the  change i n  t h e  magnitude of t h e  magnetic f i e l d  across  t h e  shock a r e  
concluded t o  be  c o n s i s t e n t  with t h e  r e s u l t s  of f l u i d  c a l c u l a t i o n s  such as 
those presented  he re  i n  f i g u r e s  22 through 29. The appearance of f l u c t u a t i o n s  
i n  the  magnetic f i e l d  as t h e  bow wave i s  crossed  when t r a v e l i n g  i n  t h e  d i r e c -  
t i o n  toward t h e  magnetosphere, and conversely,  much as i n d i c a t e d  by t h e  small  
i n s e r t  p l o t s  i n  f i g u r e  41, are i n t e r p r e t e d  as i n d i c a t i n g  t h e  bow wave t o  be 
t h e  source of d i s o r d e r  i n  t h e  flow. The th ickness  of  t h e  bow wave w a s  always 
t h i n  compared with t h e  o v e r a l l  dimensions of  t h e  magnetosphere, although d i f -  
f i c u l t  t o  spec i fy  wi th  p r e c i s i o n  i n  an unambiguous manner because of t h e  com- 
p l e x i t y  of i t s  s t r u c t u r e .  The d a t a  i n d i c a t e  t h e  t ime i n t e r v a l  between t h e  
i n s t a n t  t h e  magnetic f i e l d  i s  f irst  observed t o  dev ia t e  from i t s  in t e rp l ane -  
t a r y  l e v e l  ar,d t h e  i n s t a n t  when t h e  qu ie scen t  f i e l d  l e v e l  f i r s t  reaches t h e  
shocked value t o  vary between 30 seconds and t h e  minimum reso lv ing  t ime of t h e  
measurements ( l e s s  than 2 seconds) .  
i n t o  d i s t ances  i s  no t  known with c e r t a i n t y ,  b u t  t h e  l a t t e r  may be es t imated  by 

The proper  conversion of t ime i n t e r v a l s  
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cons ider ing  t h a t  t h e  s a t e l l i t e  i s  moving r e l a t i v e  t o  t h e  Ear th  a t  about 
1 km/sec, and t h e  shock is  thought t o  be  moving p a s t  t h e  s a t e l l i t e  wi th  an 
average speed of t h e  o rde r  of  10 km/sec. Most o f  t h e  d a t a  are judged t o  be 
c o n s i s t e n t  with t h e  i n t e r p r e t a t i o n  t h a t  t h i s  r e g i o n  c o n s i s t s  o f  a shock much 
t h i n n e r  than j u s t  i n d i c a t e d ,  p lus  s e v e r a l  o t h e r  waves. I n  a d d i t i o n ,  one o r  
more l a r g e  o s c i l l a t i o n s  having a pe r iod  of t h e  o r d e r  o f  s e v e r a l  t e n s  of  sec-  
onds are sometimes observed nea r  t h e  shock wave. 
t i o n s  f o r  t h e s e  o s c i l l a t i o n s  are d iscussed ,  b u t  it i s  concluded t h a t  no 
dec is ion  can be reached as t o  which i s  c o r r e c t .  

A number of  p o s s i b l e  explana- 

While t h e  d a t a  from Explorer  1 2  t o g e t h e r  wi th  t h e  more fragmentary d a t a  
from even ea r l i e r  s p a c e c r a f t  se rved  t o  sugges t  t h e  p o s s i b l e  ex i s t ence  of  a bow 
wave upstream of t h e  magnetosphere, it was t h e  d a t a  from t h e  magnetometers and 
plasma probes of Explorer  18, a l s o  known as IMP-1, t h a t  provided t h e  d e f i n i t i v e  
evidence. This s p a c e c r a f t  was launched from Cape Kennedy a t  0230 UT on 
November 27, 1963, with an i n i t i a l  apogee of  31.02 Ear th  r a d i i  geocen t r i c ,  
pe r igee  a l t i t u d e  of 192 km, and an o r b i t a l  p e r i o d  of 3.934 days.  
Sun-Earth-apogee angle  was approximately 270 toward t h e  dawn s i d e  of t h e  Ea r th .  
The extremely e c c e n t r i c  o r b i t  combined with t h e  more than  six months use fu l  
l i f e  of  t h e  spacec ra f t  permi t ted  mapping of t h e  magnetosphere boundary and bow 
wave from near  t h e  subso la r  p o i n t  t o  far i n t o  t h e  n ight t ime reg ion  o f  t h e  
Ear th .  

The i n i t i a l  

Clear ly  ev ident  i n  much of t h e  d a t a  are e a s i l y  d i s t i n g u i s h a b l e  d i f f e rences  
between condi t ions  i n  t h e  magnetosphere, i n  t h e  i n c i d e n t  s o l a r  wind beyond t h e  
bow wave, and i n  t h e  in t e rven ing  t r a n s i t i o n  reg ion .  As a r e s u l t  it became t h e  
p r a c t i c e  of  s e v e r a l  o f  t h e  experimenters t o  p r e s e n t  summary p l o t s  showing t h e  
p o r t i o n  of t h e  o r b i t s  i n  which t h e  d a t a  d isp layed  t r a n s i t i o n  region cha rac t e r -  
i s t i c s  t oge the r  with t h e  t h e o r e t i c a l  curves f o r  t h e  magnetosphere boundary and 
t h e  bow wave reproduced h e r e  i n  f i g u r e  41. In  t h e  case of  t h e  magnetometer 
d a t a ,  t h i s  region i s  recognizable  by t h e  presence o f  f l u c t u a t i o n s  more sub- 
s t a n t i a l  than i n  e i t h e r  t h e  i n c i d e n t  s o l a r  wind o r  i n  t h e  magnetosphere, much 

as i n d i c a t e d  by t h e  r e s u l t s  shown i n  
f i g u r e s  41 through 43. The d i f f e rences  
a r e  even more obvious i n  t h e  d a t a  from 
t h e  plasma probes .  Figure 44 shows a 
sample of  t h e  l a t t e r ,  as presented  by 
Wolfe, S i l v a ,  and Myers (1966), f o r  t h e  
cu r ren t  ou tput  of  t h e i r  plasma probe 
dur ing  t h e  inbound h a l f  of o r b i t  17. 
Only t h e  d a t a  from t h e  f o u r  lowest vo l -  
t age  o r  energy s t e p s  of t h e  probe a r e  
p l o t t e d ,  s i n c e  cu r ren t  was seldom 
observed i n  t h e  energy windows above 
3740 v o l t s  (846 km/sec f o r  p r o t o n s ) ,  
This p l o t  shows t h a t  no plasma f l u x  was 
d e t e c t e d  on t h i s  p a r t i c u l a r  o r b i t  when 
t h e  s p a c e c r a f t  was n e a r e r  than  about 
11.5 Earth r a d i i .  This  i s  because t h e  
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Figure 44.- IMP-1 Plasma Probe output - orbit 1 7 9  

January 31-February 1, 1964 (Wolfe, Silva, and spacec ra f t  was w i t h i n  t h e  magnetosphere, 
Myers, 1966). and hence s h i e l d e d  from t h e  flowing 
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s o l a r  plasma. When it w a s  beyond about 16 Ear th  r a d i i ,  e s s e n t i a l l y  a l l  t h e  
plasma f l u x  was observed by only one of  t h e  energy channels of  t h e  probe. 
This is  because t h e  s p a c e c r a f t  w a s  i n  t h e  s o l a r  wind, beyond t h e  d i s t u r b i n g  
inf luence  of t h e  Ear th ,  where t h e  random thermal v e l o c i t i e s  of t h e  p a r t i c l e s  
were s u f f i c i e n t l y  small compared wi th  t h e  d i r e c t e d  bulk  v e l o c i t y  t h a t  t h e  
v e l o c i t y  d i s t r i b u t i o n  or energy spectrum of t h e  p a r t i c l e s  was too  narrow t o  
b r idge  t h e  gap between t h e  energy windows of  t h e  plasma probe.  The lack of 
cu r ren t  ou tput  i n  a l l  energy channels when t h e  s p a c e c r a f t  was near  apogee i s  
i n t e r p r e t e d  on t h e  b a s i s  of  r e l a t e d  d a t a  f o r  o t h e r  times and o f  design f e a t u r e s  
of  t h e  probe t o  b e  due no t  t o  a temporary absence o f  t h e  s o l a r  wind, b u t  t o  a 
s h i f t  i n  t h e  bulk v e l o c i t y  t o  a va lue  such t h a t  t h e  s e n s i b l e  p a r t  of t h e  par -  
t i c l e  energy spectrum f e l l  between t h e  observing windows of  t h e  probe. 
Ground-based magnetometer d a t a  suppor t  t h i s  i n t e r p r e t a t i o n  as well because 
they i n d i c a t e  t h a t  a gradual  commencement geomagnetic storm occurred a t  approx- 
imately 0830 UT on January 31, 1964, when t h e  s p a c e c r a f t  was a t  about 24 Earth 
r a d i i .  Presumably, then ,  t h e  energy spectrum of t h e  s o l a r  wind p r i o r  t o  t h i s  
t i m e  would be  such as t o  s l i p  undetected between t h e  1700-volt  and 600-volt 
channels of t h e  ins t rument .  

Although t h e  magnetosphere boundary and bow wave were no t  always so  
c l e a r l y  def ined  i n  t h e  d a t a  as i n  t h e  case of o r b i t  17, it was usua l ly  p o s s i b l e  
t o  d i s t i n g u i s h  t h e  d a t a  from t h e  var ious  r eg ions .  Figure 45 is  a summary p l o t  
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IMP-1 plasma probe measurements of shock wave and magnetosphere boundary crossings 

1. 
i n  which are drawn t h e  p o r t i o n s  o f  t h e  f i rs t  29 o r b i t s  i n  which Wolfe, S i l v a ,  
and Myers (1966) i n t e r p r e t  t h e  d a t a  from t h e  plasma probe t o  i n d i c a t e  t h a t  t h e  
spacec ra f t  is  between t h e  magnetosphere boundary and t h e  bow wave. The dashed 
po r t ions  of  some of  t h e  o r b i t a l  segments r ep resen t  p o s s i b l e  p o s i t i o n s  of  t h e  
boundaries i n  cases i n  which t h e  te rmina t ion  of  t h e  t r a n s i t i o n  reg ion  was 
unce r t a in .  A s  d i scussed  p rev ious ly  i n  t h e  p r e s e n t a t i o n  of  r e s u l t s  from 
Explorer  12, such u n c e r t a i n t i e s  could b e  due e i t h e r  t o  t h e  gradual  c h a r a c t e r  
of  t h e  change or t h e  occurrence of  mul t ip l e  c ross ings  r e s u l t i n g  from t h e  mag- 
ne tosphere  boundary or shock wave moving back and f o r t h  p a s t  t h e  s p a c e c r a f t .  
This p l o t  w a s  der ived  by l o c a t i n g  t h e  t r a n s i t i o n  reg ion  i n  terms o f  geocen t r i c  
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d i s t ance  and s o l a r  o r i e n t e d  e c l i p t i c  l ong i tude .  
f o r  t h e  l a t i t u d e  of  t h e  s p a c e c r a f t  dur ing  i t s  t r a v e r s a l  through t h i s  reg ion .  

I t  t h e r e f o r e  does no t  account 

Superposed on t h e  d a t a  are t h e  t h e o r e t i c a l  p o s i t i o n s  f o r  t h e  magneto- 
sphere boundary and t h e  bow wave c a l c u l a t e d  for flow wi th  f ree-s t ream Mach 
number M, = 8 and r a t i o  of  s p e c i f i e d  h e a t s  y = 5/3. The bulk  v e l o c i t y  vm 
and dens i ty  nm 
10 protons/cm3, although any o t h e r  combination o f  va lues  having t h e  same prod- 
u c t  nmvm2 would l ead  t o  i d e n t i c a l  curves  f o r  t h e  magnetosphere boundary and 
t h e  bow wave. Although t h e  wide gaps between t h e  energy channels and t h e  
l imi t ed  d i r e c t i o n a l  information obta ined  by t h e  plasma probe on IMP-1 prevent  
deduction of p r e c i s e  values  f o r  t h e  d e n s i t y  and bulk v e l o c i t y  of  t h e  s o l a r  
wind, and hence t h e  de te rmina t ion  of d e t a i l e d  comparisons wi th  t h e o r e t i c a l  
r e s u l t s ,  t h e  o v e r a l l  agreement of  t h e  gross  f e a t u r e s  of  t h e  correspondence 
between t h e  t h e o r e t i c a l  and obse rva t iona l  r e s u l t s  a r e  c l e a r l y  d i s c e r n i b l e  i n  
t h e  r e s u l t s  shown i n  f i g u r e  45. 
t he  t r a n s i t i o n  reg ion  from t h e  magnetosphere o r  t h e  undis turbed s o l a r  wind a r e ,  
of course,  d i f f e r e n t ,  t h e  same conclusion has  been reached through examination 
of very similar appearing p l o t s  based on t h e  magnetometer d a t a  from IMP-1 
( see ,  f o r  example, Ness, Scearce,  and Seek (1964) o r  Ness, Scearce ,  Seek, and 
Wilcox (1966) f o r  ex tens ive  accounts ) .  

of t h e  s o l a r  wind are  i n d i c a t e d  t o  be  300 km/sec and 

Although t h e  c r i t e r i o n  used t o  d i s t i n g u i s h  

Although perhaps not  s o  c e n t r a l  t o  t h e  p re sen t  d i scuss ion  of t h e  ex te rna l  
aerodynamics of t h e  magnetosphere, mention should b e  made of a number of 
r e l a t e d  f e a t u r e s  of t h e  s o l a r  wind and t h e  magnetosphere revea led  by t h e  da t a  
from IMP-1.  One of t h e  most s t r i k i n g  of t h e s e  i s  t h e  ex i s t ence  of a long mag- 
n e t i c  t a i l  of t h e  Ear th  and an enclosed magnet ical ly  n e u t r a l  s h e e t  extending 
f a r  downstream from t h e  Earth i n  t h e  a n t i s o l a r  d i r e c t i o n .  Ness (1965) has  
repor ted  t h a t  t h e  diameter  of  t h e  t a i l  i s  approximately 40 Ear th  r a d i i ,  and 
t h a t  magnetic f i e l d  i n t e n s i t i e s  of approximately 10 t o  30 gammas a r e  observed 
out t o  t h e  s a t e l l i t e  apogee of  31.7 Ear th  r a d i i .  The former i s  i n  decept ive ly  
good accordance wi th  t h e  t h e o r e t i c a l  r e s u l t s  based on t h e  Chapman-Ferraro 
theory ,  bu t  t h e  i n t e n s i t y  and o r i e n t a t i o n  of  t h e  magnetic f i e l d  wi th in  t h e  
t a i l  are very d i f f e r e n t  from t h e  c u r r e n t - f r e e  conf igu ra t ion  v i s u a l i z e d  through- 
out t h e  magnetosphere i n  t h a t  theory .  The d iscovery  of  t h e  n e u t r a l  shee t  and 
t h e  a t t endan t  p o s s i b i l i t y  of plasma i n s t a b i l i t i e s  have r e s u l t e d  i n  a vigorous 
development of  t h e o r i e s  t o  exp la in  an ex tens ive  a r r a y  of  phenomena such as t h e  
aurora ,  gegenschein, day-night asymmetries of  var ious  s o r t s  , and t h e  formation 
of t h e  V a n  Allen r a d i a t i o n  b e l t s .  Accounts of  many of  t h e s e  may be found i n  
seve ra l  o t h e r  a r t i c l e s  i n  t h i s  book. 

Since t h e  magnetosphere t a i l  d i sp layed  no apprec iab le  a t t e n u a t i o n  out  t o  
apogee, da t a  from IMP-1 could provide no i n s i g h t  i n t o  i t s  u l t ima te  length .  
More r e c e n t l y ,  however, Ness, Behannon, Cantarano, and Scearce (1967) have 
repor ted  t h a t  both t h e  t a i l  and a r e l a t i v e l y  t h i n  magnetic n e u t r a l  shee t  have 
been observed i n  t h e  d a t a  from Explorer  33 s a t e l l i t e  a t  geocen t r i c  d i s t ances  
as g rea t  as about 80 Earth r a d i i .  Behannon (1968) has  a l s o  r epor t ed  t h a t  d a t a  
from t h e  same s a t e l l i t e  showed t h e  E a r t h ’ s  bow wave t o  be  s t i l l  d e t e c t a b l e  a t  
a geocent r ic  d i s t a n c e  of 75.7 Earth r a d i i .  The probable ,  a l though l e s s  cer -  
t a i n ,  d e t e c t i o n  of  t h e  geomagnetic t a i l  a t  even g r e a t e r  d i s t ances  ranging 
between 900 t o  1050 Earth r a d i i  has been indicatped by t h e  plasma probe (Wolfe, 
S i l v a ,  McKibbin, and Mason, 1967) and magnetometer (Ness, Scearce,  and 
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Cantarano, 1967) d a t a  from Pioneer  7 .  A coherent ,  wel l -ordered t a i l  with 
embedded n e u t r a l  shee t  does not  appear t o  have been observed, however, and i t  
may be t h a t  t h e  t a i l  should b e  considered t o  b e  more l i k e  an i r r e g u l a r  wake 
a t  t h i s  d i s t ance .  
measurements made by Mariner 4 s p a c e c r a f t  on a t r a j e c t o r y  t o  Mars d i d  no t  
revea l  any recognizable  t r a c e  of t h e  magnetosphere t a i l  o r  wake as  it passed 
through t h e  a n t i c i p a t e d  reg ion  a t  a geocen t r i c  d i s t a n c e  of about 3300 Ear th  
r a d i i  (Van Allen,  1965). 

Such an i n t e r p r e t a t i o n  is c o n s i s t e n t  wi th  t h e  fact  t h a t  

Data from IMP-1 s a t e l l i t e  were a l s o  va luable  i n  confirming over  an extend- 
ing  i n t e r v a l  of  time t h e  genera l  Archimedean s p i r a l  s t r u c t u r e  of t h e  average 
i n t e r p l a n e t a r y  magnetic f i e l d  as i n d i c a t e d  previous ly  by s o l a r  wind theory and 
by more l imi t ed  measurements made i n  space,  p a r t i c u l a r l y  by Mariner 2 (Smith, 
1964). P a r t i c u l a r l y  s i g n i f i c a n t  i s  t h e  r ecogn i t ion  by Wilcox and Ness (1965) 
of a long-l ived magnetic s e c t o r  s t r u c t u r e  c o r o t a t i n g  with t h e  Sun i n  t h e  i n t e r -  
p l ane ta ry  medium. 
def ined  i n  t h e  magnetic records ,  b u t  l e s s  s o  i n  t h e  d a t a  from t h e  plasma probes 
and o t h e r  ins t ruments .  I n  gene ra l ,  enhanced values  f o r  t h e  i n t e n s i t y  of t h e  
i n t e r p l a n e t a r y  magnetic f i e l d ,  t h e  solar-wind v e l o c i t y ,  and geomagnetic a c t i v -  
i t y  tend t o  be a s soc ia t ed  with t h e  lead ing  po r t ion  of each s e c t o r ,  and small 
values  with t h e  t r a i l i n g  p o r t i o n .  On t h e  o t h e r  hand, t h e  dens i ty  of t h e  s o l a r  
wind tends t o  be  l a r g e  i n  t h e  lead ing  and t r a i l i n g  p o r t i o n s  of each s e c t o r ,  
and small i n  t h e  middle. The importance of t h e s e  f ind ings  t o  t h e  understanding 
of t h e  long-recognized 27-day recur rence  p a t t e r n  of  geomagnetic storms i s  
immediately ev iden t .  

The boundaries  of  t h e  s e c t o r s  were f r equen t ly  sharp ly  

More d e t a i l e d  information on t h e  phys ica l  changes i n  t h e  s o l a r  wind 
plasma as it crosses  t h e  E a r t h ' s  bow shock wave has  been presented  r e c e n t l y  by 
Argo, Asbridge, B a m e ,  Hundhausen, and Strong (1967) us ing  d a t a  from plasma 
probes on two Vela 3 s a t e l l i t e s  obta ined  on 13 shock cross ings  during J u l y  and 
August 1965. These s a t e l l i t e s ,  which a r e  i n  n e a r l y  c i r c u l a r  o r b i t s  t i l t e d  a t  
60° t o  the  e c l i p t i c  p l ane ,  u sua l ly  c rossed  t h e  bow wave during t h i s  pe r iod  a t  
about 60° and 3000 s o l a r  e c l i p t i c  longi tude ,  and between k56' e c l i p t i c  l a t i -  
tude ,  and a t  geocen t r i c  d i s t ances  of approximately 18.5 Earth r a d i i .  In addi-  
t i o n  t o  p re sen t ing  t h e  r e s u l t s  f o r  each c ross ing ,  t h e  d a t a  were summarized by 
g iv ing  average values  f o r  t h e  r a t i o s  of  t h e  v e l o c i t i e s ,  temperatures ,  and den- 
s i t i e s  on t h e  two s i d e s  of  t h e  shock. 
p/p, = 3.4,  i n  which t h e  s u b s c r i p t  m r e f e r s  t o  condi t ions  i n  t h e  i n c i d e n t  
s o l a r  wind and t h e  symbol without  s u b s c r i p t  refers t o  condi t ions  behind t h e  
bow wave. The corresponding t h e o r e t i c a l  va lues  of  S p r e i t e r ,  Summers, and 
Alksne (1966) a t  t h e  p o s i t i o n s  of t h e  Vela shock c ross ings  are quoted as 
v/v, = 0.70, T/T, = 1 2 ,  p/p, = 4, of which i t  i s  judged t h a t  only t h e  tempera- 
t u r e  fa i ls  t o  agree  c l o s e l y .  Inspec t ion  of t h e  l a t t e r  r e fe rence  o r  f i g u r e  23 
of  t h i s  paper  shows t h a t  t h i s  t h e o r e t i c a l  va lue  f o r  t h e  temperature r a t i o  i s  
t h a t  a s soc ia t ed  with a free-stream Mach number M, = 8 and r a t i o  of s p e c i f i c  
h e a t s  y = 5/3,  t h e  combination usua l ly  s e l e c t e d  f o r  i l l u s t r a t i v e  purposes ,  
and t h a t  a more accu ra t e  va lue  f o r  t h e  dens i ty  r a t i o  f o r  t h i s  case is  about 
3 .8 .  The a c t u a l  va lues  f o r  t h e  speed and temperature  of  t h e  i n c i d e n t  s o l a r  
wind l i s t e d  f o r  t h e  13  shock cross ings  correspond t o  s u b s t a n t i a l l y  h ighe r  
free-stream Mach number than  8, however. A s  a rough measure, i t  may b e  noted 
t h a t  t h e  average o f  t h e  Mach numbers f o r  t h e  13 c ross ings  i s  11.3. 

They a r e  v/v, = 0 . 7 0 ,  T/T, = 24, 

If t h i s  
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value  is  used f o r  t h e  Mach number t o g e t h e r  wi th  t h e  va lue  0.70 f o r  v/v,, t h e  
expression f o r  T/T, shown on f i g u r e  23 l eads ,  f o r  y = 5/3,  t o  T/T, = 22.7. 
A l t e r n a t i v e l y ,  t h e  ind iv idua l  observa t iona l  va lues  l i s t e d  f o r  t h e  speed and 
temperature of  t h e  s o l a r  wind and t h e  r a t i o  
used t o  c a l c u l a t e  a t h e o r e t i c a l  va lue  f o r  T/T, f o r  each cross ing .  Taking 
t h e  average of t h e s e  i n  t h e  same way as t h e  experimental  va lues  were averaged 
y i e l d s  a temperature  r a t i o  of 23.8 i n s t e a d  of  t h e  o r i g i n a l l y  quoted va lue  of 
1 2 .  The new va lue  i s ,  of course,  i n  v i r t u a l l y  p e r f e c t  agreement wi th  t h e  
experimental  va lue  of 24, and tends  t o  confirm t h e  appropr ia teness  of  t h e  
va lue  5/3 f o r  t h e  r a t i o  of s p e c i f i c  h e a t s  as we l l  as t h e  use fu lness  of  t h e  
aerodynamic model. gene ra l ly .  

v/v, ac ross  t h e  shock may b e  

The success fu l  launching of Pioneer  V I  s p a c e c r a f t  equipped wi th  a plasma 
probe having h ighe r  r e s o l u t i o n  than r e l a t e d  ins t ruments  on e a r l i e r  s p a c e c r a f t ,  
as well as a magnetometer and o t h e r  ins t ruments ,  provided an oppor tuni ty  t o  
make more d e t a i l e d  comparisons between t h e  t h e o r e t i c a l  and observed cha rac t e r -  
i s t ics  of t h e  s o l a r  wind and i t s  i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d  than 
previous ly  p o s s i b l e .  Nature cooperated by provid ing  a pe r iod  of excep t iona l ly  
s teady  flow of t h e  s o l a r  wind during t h e  time t h e  s p a c e c r a f t  was t r a v e r s i n g  
t h e  reg ion  between t h e  magnetosphere and t h e  bow wave. 
n e t i c  f i e l d  was a l s o  very s teady  with t h e  p l a n e t a r y  index 
value of  only 1 during t h e  t i m e  o f  i n t e r e s t .  
t h e  launch da te  was marked by low geomagnetic a c t i v i t y  with t h e  d a i l y  
sums on December 15, 16, and 17 being 2 - ,  1+, and 3 - ,  r e s p e c t i v e l y .  

On Ear th ,  t h e  geomag- 

Ap The e n t i r e  pe r iod  surrounding 
a t t a i n i n g  a 

Kp 

Pioneer V I  was launched on December 16, 1965, i n t o  an escape t r a j e c t o r y  
t h a t  remained very c l o s e  t o  t h e  p lane  of t h e  e c l i p t i c  and appeared as i l l u s -  
t r a t e d  i n  f i g u r e  46 when viewed looking southward from over  t h e  n o r t h  po le .  
The d a t a  from both  t h e  magnetometer (Ness, Scearce ,  and Cantarano, 1966) and 
t h e  plasma probe (Wolfe, S i l v a ,  and McKibbin, 1968) show t h a t  t h e  spacec ra f t  
crossed t h e  magnetosphere boundary a t  1256 UT a t  a geocen t r i c  d i s t a n c e  of 
about 12.8 Earth r a d i i  and a s o l a r - e c l i p t i c  longi tude  of  76.3O. I t  crossed 

300 - 

280 - 

i 2 4 0  - 
k 
0 

W > 
s 220 - 

SHOCK 

/-- 200 - _.--- ---\ BULK VELOCITY, 
1 8 0 ~  I r---l I I I I 1 I I 

UT 1200 1300 1400 1500 1600 !700 1800 
/ I l l /  

r/a, I I 13 15 17 19 21 

Figure 46.- Comparison of Pioneer VI peak f lux  ion velocity with calculated results for 
M, = 8 and y = 5 / 3 .  
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t h e  bow wave somewhat more than f o u r  hours l a t e r  a t  about 1712 UT when a t  a 
geocent r ic  d i s t a n c e  of  approximately 20.5 Ear th  r a d i i  and s o i a r - e c l i p t i c  
longi tude and l a t i t u d e  of  81.25' and -4.40, r e s p e c t i v e l y .  

Immediately a f te r  Pioneer  V I  passed t h e  bow wave and emerged i n t o  t h e  
s o l a r  wind undis turbed by t h e  presence of  t h e  Ear th ,  t h e  plasma probe d e t e c t e d  
a s teady  stream of  p a r t i c l e s  coming from an apparent  d i r e c t i o n  about 6 O  west 
of t h e  d i r e c t i o n  t o  t h e  Sun with  a speed of about 280 km/sec and a number den- 
s i t y  of about 11 protons/cm3 (and presumably an equal  number of e l e c t r o n s ) .  
These values  were used t o g e t h e r  with assumed values  of 8 and 5 / 3  f o r  t h e  f r e e -  
s t ream Mach number M, and t h e  r a t i o  of s p e c i f i c  h e a t s  y t o  c a l c u l a t e  t h e  
v e l o c i t y  and dens i ty  of t h e  flow and t h e  i n t e n s i t y  of  t h e  magnetic f i e l d  a l l  
along t h e  p o r t i o n  of  t h e  t r a j e c t o r y  from i n s i d e  t h e  magnetosphere boundary t o  
somewhat beyond t h e  bow wave. 
and 48 toge the r  with those  observed wi th  Pioneer V I .  

The r e s u l t s  are presented  i n  f i g u r e s  46, 47, 
The most apparent  
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Figure 47.- Comparison of Pioneer V I  flow direction with calculated results for $1- = 8, y = 5 / 3 .  
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f e a t u r e  t o  be  seen  i n  t h e  comparisons i s  t h e  n e a r l y  p e r f e c t  agreement between 
t h e  ca l cu la t ed  and measured loca t ions  of t h e  magnetosphere boundary and t h e  
bow wave. I t  should be  noted i n  t h i s  connection t h a t  although a p a r t i c u l a r  
value was s e l e c t e d  f o r  M, t o  make t h e  c a l c u l a t i o n s ,  t h e  choice i s  not  c r i t i -  
cal .  As descr ibed  p rev ious ly ,  t h e  loca t ions  o f  t h e  magnetosphere boundary and 
t h e  bow wave, and a l s o  t h e  contours of cons tan t  
(T - Tm)/vm2, b u t  no t  T/T,, t end  t o  be  v i r t u a l l y  independent o f  M, f o r  
f ree-s t ream Mach numbers g r e a t e r  than about 5.  

p/p,, v/v,, l B l / l B m l ,  and 

The observa t iona l  d a t a  f o r  t h e  peak f l u x  ion  v e l o c i t y  during t h e  t i m e  
Pioneer V I  t r a v e r s e d  t h e  t r a n s i t i o n  reg ion ,  and f o r  about a ha l f -hour  t h e r e -  
a f t e r ,  a r e  presented  i n  f i g u r e  46. 
dom motions of  t h e  pro tons  a r e  small compared wi th  t h e i r  d i r e c t e d  bulk 
v e l o c i t y  with r e spec t  t o  t h e  Earth o r  t h e  s p a c e c r a f t ,  t h e  peak f l u x  ion  veloc-  
i t y  corresponds very nea r ly  t o  t h e  bulk v e l o c i t y  o f  t h e  flow, as can be seen  
by comparing t h e  va lues  f o r  
f i g u r e  3 3 .  Behind t h e  bow wave, however, s u b s t a n t i a l  d i f f e rences  emerge. In  
o rde r  t o  i l l u s t r a t e  t h e i r  s i g n i f i c a n c e  more c l e a r l y ,  two s e t s  of t h e o r e t i c a l  
curves are included on f i g u r e  46. The dashed l i n e  shows t h e  bulk v e l o c i t y  cal-  
cu la t ed  by d i r e c t  a p p l i c a t i o n  of t h e  r e s u l t s  f o r  v/v, p resented  on f i g u r e  23  
f o r  a magnetosphere s i z e  determined i n  accordance wi th  t h e  r e s u l t s  summarized 
i n  f i g u r e  15 f o r  
represented  by t h e  d a t a  p o i n t s  i s  not  t h e  bulk v e l o c i t y ,  however, b u t  t h e  
v e l o c i t y  of  t h e  ions  t h a t  produce t h e  g r e a t e s t  cu r ren t  p e r  u n i t  energy i n c r e -  
ment i n  t h e  plasma probe.  O f  t h e  var ious  q u a n t i t i e s  c a l c u l a t e d  t h e o r e t i c a l l y ,  
t h i s  peak f l u x  ion  v e l o c i t y  i s  most nea r ly  comparable t o  t h e  speed of t h e  
p a r t i c l e s  f o r  which dn/n dC dR i s  an abso lu te  maximum. With t h e  assumption 
t h a t  t h e  s o l a r  wind i s  composed of f u l l y  ion ized  hydrogen, t h e  r e l a t i o n s  given 
on f i g u r e  30 lead  t o  t h e  expression CM = [W + (W2 + 8kT/m)1’2]/2 f o r  cM i n  
terms of t h e  bu lkve loc i ty  w and t h e  temperature  T .  The s o l i d  l i n e  on f i g -  
ure  46 i n d i c a t e s  t h e  va lues  f o r  t h e  v e l o c i t y  CM computed i n  t h i s  way f o r  t h e  
condi t ions  s t a t e d  above. In  confirmation of  t h e  more q u a l i t a t i v e  s ta tement  
above, i t  may be seen  t h a t  t h e  values  f o r  w and CM a r e  nea r ly  t h e  same i n  
t h e  s o l a r  wind beyond t h e  bow wave, and t h a t  s u b s t a n t i a l  d i f f e rences  e x i s t  
behind t h e  shock wave where t h e  temperatures are much h i g h e r  and t h e  bulk 
v e l o c i t i e s  somewhat lower than i n  t h e  s o l a r  wind. In  comparison, values  f o r  
t h e  peak f l u x  ion  v e l o c i t y  measured by Pioneer  VI a r e  s l i g h t l y  less than those  
ca l cu la t ed  f o r  
v e l o c i t y  w .  With t h e  es t imated  10-percent  u n c e r t a i n t y  i n  t h e  determinat ion 
of t h e  experimental  v e l o c i t y  d i s t r i b u t i o n ,  however, t h e  ca l cu la t ed  r e s u l t s  f o r  
both CM and i i j  f a l l  w i th in  t h e  al lowable range o f  va lues  ind ica t ed  by 
Pioneer V I .  Aside from t h e  ma t t e r  of t h e s e  modest d i f f e rences  i n  t h e  abso lu te  
va lues ,  t h e  genera l  t r end  o f  s l i g h t l y  inc reas ing  v e l o c i t y  as t h e  spacec ra f t  
moved along i t s  t r a j e c t o r y  from t h e  magnetopause t o  t h e  bow wave i s  
represented  very s a t i s f a c t o r i l y  by t h e  t h e o r e t i c a l  r e s u l t s .  

In  t h e  i n c i d e n t  s o l a r  wind where t h e  ran-  

CM and W = v f o r  a somewhat d i f f e r e n t  case  i n  

v, = 280 km/sec and n, = 11 protons/cm3. The quan t i ty  

CM 

- 

- 

CM, al though not  s o  small as those  c a l c u l a t e d  f o r  t h e  bulk - 

Figure 47  shows t h e  corresponding r e s u l t s  f o r  t h e  ca l cu la t ed  and observed 
d i r e c t i o n  of flow. The agreement i s  gene ra l ly  q u i t e  s a t i s f a c t o r y ,  although 
some s i g n i f i c a n t  dev ia t ions  between t h e  c a l c u l a t e d  and measured r e s u l t s  may be 
seen i n  t h e  d a t a  obta ined  near  t h e  magnetopause. In  t h e s e  p l o t s ,  t h e  flow 
d i r e c t i o n s  are given i n  terms of  a coord ina te  system f i x e d  r e l a t i v e  t o  t h e  
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Sun-Earth l i n e  as i n d i c a t e d  i n  t h e  small ske tch .  Because of t h e  combined 
motion of t h e  Earth and s p a c e c r a f t ,  a flow t h a t  i s  r a d i a l l y  outward from t h e  
Sun, as viewed i n  nonro ta t ing  h e l i o c e n t r i c  coord ina tes ,  would appear t o  
approach t h e  spacec ra f t  wi th  I t  may 
be  seen t h a t  t h e  flow a c t u a l l y  observed by Pioneer V I  when .beyond t h e  bow wave 
is nea r ly  i n  accordance with t h e s e  va lues .  

0 = 0' and C p =  6O when v, = 280 km/sec. 

The corresponding comparison between t h e  c a l c u l a t e d  and measured values  
f o r  t h e  dens i ty  is shown i n  t h e  top  p a r t  o f  f i g u r e  48. 
s a t i s f a c t o r y .  The p l o t  i n  t h e  lower p a r t  o f  t h e  same f i g u r e  shows t h e  i n t e n s i -  
t i e s  of t h e  magnetic f i e l d  measured by Pioneer  V I  (Ness, Scearce,  and 
Cantarano, 1966) and those  c a l c u l a t e d  us ing  t h e  t h e o r e t i c a l  r e s u l t s  of f i g u r e  
24 toge the r  with t h e  same va lues  f o r  b, y, v,, and n, as descr ibed above, 
and a va lue  of  3 . 5  gamma f o r  B, s e l e c t e d  t o  f i t  t h e  measurements i n  t h e  
s o l a r  wind. Considering t h e  complexity of t h e  c a l c u l a t i o n  of  t h e  magnetic 
f i e l d  as one of t h e  l a s t  q u a n t i t i e s  t o  be  eva lua ted  i n  a long chain of calcu- 
l a t i o n s  involv ing  approximations a t  each s t e p ,  t h e  agreement i s  almost s u r p r i s -  
i ng ly  good. I t  i s ,  moreover, q u i t e  p o s s i b l e  t h a t  some of t h e  v a r i a t i o n s  
d isp layed  by t h e  obse rva t iona l  d a t a  and no t  dup l i ca t ed  i n  t h e  ca l cu la t ed  
r e s u l t s  a r e  t h e  consequence of small changes i n  t h e  i n t e n s i t y  o r  d i r e c t i o n  of 
t h e  i n t e r p l a n e t a r y  magnetic f i e l d ,  and could be  s a t i s f a c t o r i l y  reproduced by 
t h e  theory i f  t h e  i n t e r p l a n e t a r y  condi t ions  were known. 

Again t h e  agreement i s  

One f e a t u r e  of t h e  r e s u l t s  f o r  which t h e  l a t t e r  s ta tement  i s  probably not  
t r u e ,  however, i s  the  pronounced peak o r  s p i k e  i n  t h e  run of  values  f o r  t h e  
v e l o c i t y ,  dens i ty ,  magnetic i n t e n s i t y ,  and 8 component of t h e  flow d i r e c t i o n  
immediately downstream of t h e  bow wave. 
i r r e g u l a r i t y  i s ,  moreover, no t  a unique proper ty  of t h e  d a t a  from Pioneer  VI, 
bu t  a d e t a i l  t h a t  has  been repea ted ly  observed by o t h e r  spacec ra f t  i n  assoc ia-  
t i o n  both with t h e  Ea r th ' s  bow wave and with propagat ing i n t e r p l a n e t a r y  shock 
waves. Although continuum gasdynamic o r  magnetohydrodynamic c a l c u l a t i o n s  by 
themselves provide no i n d i c a t i o n  of such behavior ,  it appears l i k e l y  t h a t  
these  sp ikes  can be  understood i n  terms of t h e  c a l c u l a t e d  p r o p e r t i e s  of s t rong  
c o l l i s i o n l e s s  shock waves such as i l l u s t r a t e d  i n  f i g u r e  4 1  f o r  A l f v b  Mach 
numbers g r e a t e r  than 2 .  

The d e t e c t i o n  of such a l o c a l i z e d  

The preceding has not  been intended t o  be an exhaus t ive  o r  complete d i s -  
cussion of t h e  con t r ibu t ions  of  t h e  var ious  s a t e l l i t e s ,  b u t  r a t h e r  an account 
of some of t h e  f ind ings  t h a t  b e a r  on t h e  assumptions and p r e d i c t i o n s  of t h e  
theo r i e s  of t h e  s o l a r  wind and i t s  i n t e r a c t i o n  wi th  t h e  Ear th .  In p a r t i c u l a r ,  
d a t a  from seve ra l  Vela s a t e l l i t e s  d i scussed  elsewhere i n  t h i s  book and a num- 
b e r  of Sovie t  s p a c e c r a f t  have made important con t r ibu t ions ,  b u t  space precludes 
f u r t h e r  d i scuss ion  h e r e .  In  gene ra l ,  however, t h e  r e s u l t s  t end  t o  be  cons is -  
t e n t  with those  descr ibed  above, although c e r t a i n  f e a t u r e s  may be  d isp layed  
with g r e a t e r  o r  l e s s e r  c l a r i t y  depending upon t h e  p r o p e r t i e s  of t h e  o r b i t ,  t h e  
type and r e s o l u t i o n  of t h e  ins t ruments ,  and condi t ions  e x i s t i n g  i n  space a t  
t h e  time of t h e  f l i g h t .  
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SUMMARY OF STEADY ASPECTS OF THE INTERACTION OF THE 
SOLAR WIND AND THE GEOMAGNETIC F I E L D  

F ina l ly ,  i n  broad o u t l i n e ,  one may summarize many f e a t u r e s  of t h e  s teady-  
s ta te  hydromagnetic i n t e r a c t i o n  of t h e  s o l a r  wind and t h e  magnetosphere i n  
terms of t h e  ske tch  shown i n  f i g u r e  49. The s o l a r  wind approaches t h e  Earth 
with both t h e  Mach number and t h e  Alfvgn Mach number much l a r g e r  than  u n i t y ,  

c_ 

FLUCTUATING FLOW SOLAR WIND 

Figure 49.- The Earth as a magnetized obstacle in the solar wind. 

and with t h e  r a t i o  of t h e  gas p re s su re  p t o  t h e  magnetic p re s su re  B2/8r 
of t h e  o rde r  u n i t y .  The high AlfvGn Mach number a s su res  t h a t  t h e  equat ions of 
magnetohydrodynamics can be  approximated wi th  l i t t l e  e r r o r  by t h e  equat ions of  
gasdynamics f o r  t h e  flow and by t h e  equat ions  of  f rozen  f l u x  f o r  t h e  deforma- 
t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  
t h a t  t h e  flow i s  similar t o  a supersonic  o r  hypersonic  flow and t h a t  a 
detached bow wave would be  expected upstream of  an o b s t a c l e .  Behind t h e  bow 
wave, t h e  temperature and p res su re  a r e  g r e a t l y  enhanced over  t h e i r  va lues  i n  
the  s o l a r  wind, whi le  t h e  magnetic f i e l d  tends t o  b e  inc reased  only moderately,  
and i s  even diminished i n  some reg ions .  A s  a r e s u l t ,  t h e  gas p re s su re  tends 
t o  be s u b s t a n t i a l l y  g r e a t e r  than  t h e  magnetic p re s su re  i n  t h e  flow around t h e  
forward p a r t  of t h e  magnetosphere. 
w e l l  above u n i t y ,  although not  s o  g r e a t  as i n  t h e  undis turbed  s o l a r  wind. 

The high Mach number i n d i c a t e s  

The Alfvgn Mach number tends t o  remain 

Ins ide  t h e  magnetosphere, t h e  magnetic p re s su re  i s  many o rde r s  of  magni- 
tude g r e a t e r  than t h e  gas p re s su re .  
shea th  t h a t  a d j u s t s  i t s  shape l i k e  a f r e e  s u r f a c e  s o  t h a t  t h e  sum of t h e  gas 
and magnetic p re s su re  i s  t h e  same on both s i d e s  a t  a l l  p o i n t s .  E s s e n t i a l l y ,  
t h i s  i s  a balance between t h e  gas p re s su re  of  t h e  e x t e r i o r  flow and t h e  mag- 
n e t i c  p re s su re  of t h e  confined and deformed geomagnetic f i e l d .  
i n t roduc t ion  of t h e  Newtonian approximation f o r  t h e  p re s su re  of  t h e  flowing 
plasma, t h e  determinat ion of t h e  shape of  t h e  magnetosphere boundary reduces 
t o  t h e  classical  Chapman-Ferraro problem based on t h e  q u i t e  d i f f e r e n t  concepts 
of p a r t i c l e ,  r a t h e r  than  f l u i d ,  motion. An incompatible  condi t ion  i s  

The magnetosphere i s  bounded by a cu r ren t  

With t h e  
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d i sc losed  i n  t h e  v i c i n i t y  of  t h e  n e u t r a l  p o i n t s ,  however, i n  which an ade- 
quacy of t h e  Newtonian approximation al lows t h e  appearance of  a sharp ly  
r e f l exed  curva ture  i n  t h e  shape of t h e  magnetosphere boundary. 
shock wave would be  expected t o  form i n  t h e  supersonic  flow along such a sur-  
face. I t  i s  not  p o s s i b l e  f o r  such a shock wave t o  extend t o  t h e  magnetosphere 
boundary, however, because t h e  a s soc ia t ed  jump i n  p re s su re  cannot be  matched 
by a jump i n  magnetic p re s su re  i n  t h e  s t a t i o n a r y  c u r l - f r e e  magnetic f i e l d  
c h a r a c t e r i s t i c  of t h e  magnetosphere. 
behavior  of f l u i d  flows gene ra l ly ,  t h a t  t h e  flow s e p a r a t e s  from t h e  boundary 
of t h e  geomagnetic f i e l d  and subsequent ly  r e a t t a c h e s  f a r t h e r  downstream. In  
t h i s  way t h e r e  i s  formed an embedded reg ion  of  h o t ,  e s s e n t i a l l y  s t a t i o n a r y ,  
plasma bounded p a r t i a l l y  by t h e  free s u r f a c e  j u s t  descr ibed  and p a r t i a l l y  by 
t h e  cusped geometry of t h e  magnetic f i e l d  l i n e s .  
p r o p e r t i e s  of similar cusped-geometry conf igu ra t ions  considered f o r  plasma 
containment f o r  product ion of thermonuclear energy l ead  t o  t h e  conclusion t h a t  
a s u b s t a n t i a l  f l u x  o f  p a r t i c l e s  from t h i s  reg ion  l e a k  i n t o  t h e  magnetosphere 
from t h e  v i c i n i t y  of  t h e  end of  t h e  cusp. 

Normally, a 

I t  i s  proposed, i n  view of t h e  known 

Previous s t u d i e s  of t h e  

Although t h i s  paper  i s  no t  concerned p r imar i ly  with condi t ions  i n  t h e  
i n t e r i o r  of t h e  magnetosphere, fou r  prominent f e a t u r e s  of t h i s  reg ion  a r e  
included on t h i s  ske tch  f o r  completeness.  F i r s t  of a l l ,  t h e r e  i s ,  of course ,  
t h e  approximately d i p o l e  geomagnetic f i e l d  e s s e n t i a l  t o  t h e  formation of  t h e  
c a v i t y ,  o r  i n  e f f e c t  t h e  o b s t a c l e ,  around which t h e  s o l a r  wind must f low. 
Extending out  t o  t h e  magnetosphere boundary i n  t h e  subso la r  reg ion ,  and t o  a 
lesser d i s t ance  elsewhere,  are t h e  t rapped  charged p a r t i c l e s  of t h e  extended 
Van Allen b e l t .  T r a i l i n g  f a r  downstream from t h e  Ear th  i s  t h e  magnetosphere 
t a i l  of g r e a t ,  al though s t i l l  undetermined, e x t e n t .  Within t h i s  reg ion  t h e  
magnetic f i e l d  i s  e s s e n t i a l l y  r e c t i l i n e a r  i n  form wi th  t h e  f i e l d  vec to r s  
po in t ing  away from t h e  Ear th  i n  t h e  southern  h a l f  o f  t h e  t a i l  and toward t h e  
Earth i n  t h e  nor thern  h a l f .  The f i e l d  diminishes i n  i n t e n s i t y  and r eve r ses  i n  
d i r e c t i o n  i n  a r e l a t i v e l y  t h i n  and f l a t  su r face ,  t h e  magnetic n e u t r a l  s h e e t ,  
t h a t  extends approximately down t h e  c e n t e r  of  t h e  t a i l .  The c ross  s e c t i o n  of 
t he  t a i l  thus resembles,  a t  least  f o r  t h e  f irst  s e v e r a l  t ens  of  Earth r a d i i ,  
t h e  Greek l e t t e r  e with t h e  magnetic f i e l d  be ing  approximately uniform i n  
i n t e n s i t y  throughout,  b u t  d i r e c t e d  oppos i t e ly  i n  t h e  two ha lves .  A somewhat 
g r e a t e r  than usual  amount of  plasma appears t o  be  c h a r a c t e r i s t i c  of t h e  reg ion  
near  t h e  magnetic n e u t r a l  s h e e t ,  al though t h e  p r e c i s e  r e l a t i o n  between t h e  
extensiveness  of t h e  plasma shee t  and magnetic n e u t r a l  shee t  s t i l l  remains t o  
be determined. 

UNSTEADY ASPECTS 

Although a l l  of  t h e  preceding d i scuss ion  i s  concerned wi th  s t e a d y - s t a t e  
phenomena, it has long been known t h a t  important  t r a n s i e n t  effects e x i s t .  I t  
was, i n  fac t ,  observa t ions  of t r a n s i e n t  geomagnetic v a r i a t i o n s  t h a t  l e d  
Chapman and o t h e r s  over  40 yea r s  ago i n t o  t h e  p ioneer ing  s t u d i e s  t h a t  paved 
t h e  way f o r  t h e  r a p i d  understanding of  many a spec t s  of  t h e  d a t a  measured i n  
recent years  with s p a c e c r a f t .  Two d i s t i n c t l y  d i f f e r e n t  c l a s s e s  o f  major 

55 



i r r e g u l a r i t i e s  i n  t h e  i n t e r p l a n e t a r y  plasma flow are ske tched  on f igu re  50.  
One is  a l a r g e  plasma cloud of  i n d e f i n i t e  form and s i z e  expel led  from t h e  Sun 
by a f l a r e  o r  o t h e r  explos ive  event .  The e x i s t e n c e  o f  such a phenomena had 

FLARE INDUCED GEOM AG N E T  IC 
BLASTS 

avgCmagnetic- 
storm 

PLASMA CLOUD .. 
BOW WAVE 

FLARE 
E-1032 ergs in 103 sec time in days 

LONG-LIVED ROTATING BEAM BOW I GEOMAGNETIC 
DISTURBANCE 

INDEX 

ENHANCED MASS FLUX- I 0 days 27 

Figure 50.- Schematic drawings of two types of major irregularities in the solar wind and their 
geomagnetic consequences. 

been suspected long before  t h e  launching of t h e  f i r s t  s a t e l l i t e  because of t h e  
frequent  observat ion of a f l a r e  on t h e  s u r f a c e  of  t h e  Sun followed a few days 
l a t e r  by a set  o f  geophysical phenomena descr ibed  c o l l e c t i v e l y  by t h e  term 
"geomagnetic storm." 
played i n  t h e  upper r igh t -hand p a r t  o f  f i g u r e  50 i n  which i s  depic ted ,  i n  
idea l i zed  form, t h e  time v a r i a t i o n  of t h e  h o r i z o n t a l  component of t h e  geomag- 
n e t i c  f i e l d  observed i n  low and middle l a t i t u d e s .  The sudden commencement 
( s .c . )  of many geomagnetic storms was o r i g i n a l l y  thought t o  be t h e  r e s u l t  of 
t he  impact of t h e  plasma cloud on t h e  geomagnetic f i e l d .  
eve r ,  t h e  tendency has been t o  a s s o c i a t e  i t  more with t h e  impact of a p o s s i b l e  
bow wave t r a v e l i n g  through t h e  s o l a r  wind i n  advance of t h e  plasma cloud.  The 
second c l a s s  of major i r r e g u l a r i t y  i n  t h e  s o l a r  wind i s  a long-l ived r o t a t i n g  
beam, poss ib ly  preceded by a bow wave. This type  of i r r e g u l a r i t y ,  c a l l e d  an 
M-region beam, had a l s o  long been suspected because of a pronounced tendency 
f o r  geomagnetic storms t o  r e c u r  i n  approximately 27-day i n t e r v a l s  with each 
complete r o t a t i o n  of t h e  more a c t i v e  regions of  t h e  Sun. 
of both t h e  t r a n s i e n t  plasma clouds and t h e  long- l ived  r o t a t i n g  beams tended 
t o  regard them as i n t r u s i o n s  i n t o  t h e  otherwise e f f e c t i v e  vacuum of i n t e r -  
p lane tary  space.  Since t h e  announcement of t h e  t h e o r e t i c a l  l i ke l ihood  and t h e  
v e r i f i c a t i o n  of t h e  a c t u a l  ex i s t ence  of t h e  s o l a r  wind a t  a l l  t imes,  both t h e  
plasma clouds and t h e  beams must be  regarded a s  moving through a general  back- 
ground of presumably l e s s  dense and s lower moving flow of s o l a r  plasma. 

One c h a r a c t e r i s t i c  f e a t u r e  of  such an event  is  t h a t  d i s -  

More r e c e n t l y ,  how- 

E a r l i e r  d i scuss ions  

Although spacec ra f t  have now provided d e f i n i t i v e  evidence of t h e  a c t u a l  
ex i s t ence  of such i r r e g u l a r i t i e s  i n  t h e  s o l a r  wind, t h e i r  probable ex i s t ence  
could have been i n f e r r e d  long ago from photographs of  comets t h a t  occas iona l ly  
d isp lay  s u b s t a n t i a l  changes i n  t h e  d i r e c t i o n  of t h e  t a i l  i n  t h e  course of a 
few hours .  A famous p a i r  of photographs i l l u s t r a t i n g  such a change i n  t h e  
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appearance of  Comet Morehouse dur ing  a three-hour  pe r iod  on September 30, 1908, 
i s  shown i n  f i g u r e  51. C lea r ly  v i s i b l e  i s  t h e  s u b s t a n t i a l  change i n  t h e  d i r e c -  
t i o n  of t h e  t a i l  much as though a f r o n t  across  which t h e r e  i s  a sudden s h i f t  
i n  t h e  wind d i r e c t i o n  were moving along t h e  length  of  t h e  t a i l .  

Figure  51 . -  Yerkes Observa tory  photographs o f  Comet 1908 111, Morehouse, showing change i n  
3 hours  on September 30, 1908. 

Impact of an i r r e g u l a r i t y  of  any s o r t  i n  t h e  s o l a r  wind upon t h e  magneto- 
Analysis sphere may be expected t o  i n i t i a t e  a v a r i e t y  of  t r a n s i e n t  phenomena. 

of t h e  s t e a d y - s t a t e  theory  i n d i c a t e s  t h a t  a change i n  t h e  momentum f l u x  
p,vao2 of t h e  s o l a r  wind may b e  expected t o  r e s u l t  u l t i m a t e l y  i n  a change i n  
t h e  s i z e  of t h e  magnetosphere, and probably i n  t h e  es tab l i shment  of o s c i l l a -  
t i o n s  t h a t  would gradual ly  damp with t ime.  I t  i s  reasonably w e l l  a sce r t a ined  
obse rva t iona l ly ,  although t h e  p r e c i s e  d e t a i l s  of t h e  connect ing mechanisms 
remain obscure,  t h a t  such changes i n  t h e  s o l a r  wind a r e  a l s o  t h e  cause,  
d i r e c t l y  or i n d i r e c t l y ,  o f  s e v e r a l  o t h e r  important geophysical  phenomena. 
Major f l u c t u a t i o n s  of t h e  conten ts  of t h e  Van Al len  b e l t s  may occur ,  accom- 
panied by s i g n i f i c a n t  h e a t i n g  and enhanced i o n i z a t i o n  of t h e  upper atmosphere 
s u f f i c i e n t ,  i n  more i n t e n s e  even t s ,  t o  impair  r a d i o  communications, p a r t i c u -  
l a r l y  i n  the  p o l a r  r eg ions .  
n i f i c a n t l y  with inc reased  a c t i v i t y  and movement t o  lower l a t i t u d e s  being 
a s soc ia t ed  with c e r t a i n  phases of a geomagnetic s torm.  

Auroral  phenomena a l s o  appear  t o  be  a f f e c t e d  s i g -  

Y In  c o n t r a s t  t o  Chapman and F e r r a r o ' s  concent ra t ion  on t r a n s i e n t  phenom- 
ena,  most of t h e  more r e c e n t  ana lyses  of  t h e  i n t e r a c t i o n  of  s o l a r  plasma and 
t h e  geomagnetic f i e l d ,  p a r t i c u l a r l y  t h o s e  i n  which f l u i d  models a r e  invoked, 
are concerned with t h e  s t e a d y - s t a t e  problem. As a r e s u l t ,  most of t h e  quan t i -  
t a t i v e  t h e o r e t i c a l  ana lyses  of  l a r g e - s c a l e  t r a n s i e n t  f e a t u r e s  of t h e  i n t e r a c -  
t i o n  a r e  based on t h e  o l d e r  p a r t i c l e  models t h a t  do not  inc lude  t h e  presence 
of  a bow wave upstream of  t h e  magnetosphere. To t h e  e x t e n t  t h a t  d i s turbances  
do indeed propagate  through t h e  bow wave without  excess ive  q u a l i t a t i v e  change, 
and t h e  Newtonian formula, when expressed i n  a r e fe rence  frame f i x e d  with 
r e spec t  t o  an element of t h e  magnetosphere boundary, cont inues t o  provide a 
reasonable  approximation f o r  t h e  p re s su re ,  t h e s e  r e s u l t s  may s t i l l  provide  a 
guide t o  many f e a t u r e s  o f  t h e  i n t e r a c t i o n .  

57 



The r a p i d i t y  with which t h e  magnetosphere can respond t o  a major change 
i n  t h e  s o l a r  wind is  a matter of  i n t e r e s t  i n  many a p p l i c a t i o n s .  
q u a l i t a t i v e  manner i n  which t h e  geomagnetic f i e l d  would carve  a c a v i t y  i n  a 
f i n i t e  cloud of  s o l a r  plasma advancing through a vacuum toward t h e  Earth was 
one of t h e  f i r s t  top ic s  d iscussed  by Chapman and Fe r ra ro  (1931), t h e  a c t u a l  
q u a n t i t a t i v e  s o l u t i o n  of  t h e i r  problem was n o t  given u n t i l  r e c e n t l y .  
u re s  52 and 53 are shown t h e  r e s u l t s  c a l c u l a t e d  numerical ly  by S p r e i t e r  and 
Summers (1965) f o r  two cases i n  which an ex tens ive  cloud of  plasma having an 
i n i t i a l  dens i ty  of  5 protons/cm3 (and an equal  number of  e l e c t r o n s )  and veloc-  
i t y  of 500 km/sec advances toward and engul fs  t h e  Ear th .  I n  both cases, t h e  
plasma cloud i s  assumed t o  have a f l a t  f a c e  when a t  a geocen t r i c  d i s t a n c e  of 
20 Earth r a d i i .  In  f i g u r e  52, t h i s  face i s  normal t o  t h e  d i r e c t i o n  of motion; 
i n  f i g u r e  53, t h e  plasma face i s  i n c l i n e d  30° t h e r e t o .  The s o l i d  l i n e s  show 
t h e  shape of t h e  f ace  o f  t h e  plasma cloud i n  t h e  e q u a t o r i a l  p lane  a t  var ious  
t imes.  The dashed l i n e s  show t h e  f i n a l  s t e a d y - s t a t e  conf igu ra t ion  of  t h e  
boundary def ined  by t h e  approximate s o l u t i o n  descr ibed  and i l l u s t r a t e d  i n  

Although t h e  

I n  f i g -  
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Figure  5 2 . -  Success ive  p o s i t i o n s  i n  e q u a t o r i a l  p l ane  o f  f r o n t  o f  advancing plasma c loud .  

f i g u r e s  13  through 16.  The r e s u l t s  
are f ree  o f  s u r p r i s e s  and q u i t e  con- 
s i s t e n t  wi th  t h e  e a r l y  q u a l i t a t i v e  
d e s c r i p t i o n  of  Chapman and Fe r ra ro .  

protons/cm3 Quan t i t a t ive  f e a t u r e s  of  p a r t i c u l a r  
i n t e r e s t  are t h e  r a p i d i t y  wi th  which 
t h e  boundary approaches i t s  s teady-  
s t a t e  form as t h e  plasma f r o n t  sweeps 
by, t h e  smallness  o f  e f f e c t s  of  ob l iq-  
u i t y  o f  t h e  plasma f r o n t ,  and t h e  
tendency t o  form waves t h a t  d r i f t  
downstream along t h e  boundary as i t  
nears  t h e  s t e a d y - s t a t e  conf igura t ion .  

"a = 500 km/sec 
= 

700 600 500 400 300 200 100 0 
TIME, sec The r e s u l t s  presented  i n  dimen- 

Figure  53.- Success ive  p o s i t i o n s  i n  e q u a t o r i a l  p l ane  s i o n a l  form i n  f i g u r e s  5 2  and 53  a r e  
of  ob l ique  f r o n t  of advancing plasma c loud .  convenient f o r  provid ing  a quick idea  
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o f  the  q u a n t i t a t i v e  f e a t u r e s  of  t h e  i n t e r a c t i o n  f o r  a r e p r e s e n t a t i v e  set  of 
parameters,  bu t  lack g e n e r a l i t y  as presented .  The corresponding r e s u l t s  f o r  
plasma clouds of speed and dens i ty  d i f f e r e n t  from those  ind ica t ed  may be 
determined quick ly ,  however, by a p p l i c a t i o n  of simple s c a l i n g  laws inhe ren t  i n  
the  b a s i c  equat ions .  
time s c a l e s  i n  accordance with t h e  r e l a t i o n s  q,/ra = (psta/pstb)1'6 
t b / t a  = (psta/pstb) 1'6 (Vma/Vmb) i n  which p s t  = pmvm2 i s  t h e  s t agna t ion  
p res su re ,  s u b s c r i p t  a r e f e r s  t o  t h e  values  used t o  c a l c u l a t e  f i g u r e s  52 and 
53, and s u b s c r i p t  b r e f e r s  t o  any o t h e r  se t  of va lues .  

They i n d i c a t e  t h a t  one must only a l t e r  t h e  d i s t a n c e  and 
and 

The preceding problem is  important because of i t s  r e l a t i v e  s i m p l i c i t y ,  
conceptual va lue ,  and h i s t o r i c a l  i n t e r e s t .  The cont inua l  ex i s t ence  of t h e  
s o l a r  wind l i m i t s  i t s  a c t u a l  usefu lness ,  however. We cons ider  next  t h a t  a 
s teady s o l a r  wind has  e x i s t e d  f o r  a s u f f i c i e n t l y  long t i m e  (of t h e  o rde r  of 
10 minutes o r  more on t h e  b a s i s  of t h e  preceding r e s u l t s )  t h a t  t h e  boundary 
sepa ra t ing  t h e  geomagnetic f i e l d  and t h e  s o l a r  plasma i s  w e l l  e s t a b l i s h e d  i n  
t h e  s t e a d y - s t a t e  conf igu ra t ion  a s soc ia t ed  with a va lue  
t i o n  p res su re .  We cons ider  f u r t h e r  t h a t  a d i s c o n t i n u i t y  i n  momentum f l u x  
advances through o r  with t h e  s o l a r  wind plasma and t h a t  t h e  d i s c o n t i n u i t y  su r -  
f ace  is  p l ana r  over  l a t e r a l  d i s t ances  l a r g e r  than t h e  magnetosphere before  i t  
begins t o  i n t e r a c t  with t h e  magnetic f i e l d  of t h e  Earth.  Behind t h e  discon- 
t i n u i t y  su r face ,  condi t ions  a r e  considered t o  be s teady  and uniform, b u t  are 
cha rac t e r i zed  by a l a r g e r  s t a g n a t i o n  p res su re  p s t 2 .  Ul t imate ly ,  t h e r e f o r e ,  
t he  magnetosphere boundary w i l l  assume a conf igura t ion  geometr ica l ly  s imilar  
t o  t h a t  possessed o r i g i n a l l y ,  b u t  sma l l e r  i n  t h e  r a t i o  (ps t l /ps t2)  l I 6 .  The 
time h i s t o r y  f o r  t h e  t r a n s i t i o n  .between t h e  two s t e a d y - s t a t e  conf igura t ions  
has been ca l cu la t ed  by S p r e i t e r  and Summers (1965) and t h e  r e s u l t s  are shown 
i n  f i g u r e  54 f o r  a case i n  which t h e  i n i t i a l  s teady  s t a t e  i s  t h e  same as t h e  
f i n a l  s teady  s t a t e  a r r i v e d  a t  i n  t h e  case  por t rayed  i n  f i g u r e s  52 and 53. The 
p a r t i c u l a r  d i s c o n t i n u i t y  considered i s  one t h a t  . d r i f t s  a long with t h e  l o c a l  
v e l o c i t y  of t h e  s o l a r  wind and across  which t h e r e  i s  a fou r fo ld  change i n  t h e  
dens i ty .  The i n i t i a l  and f i n a l  s t e a d y - s t a t e  s o l u t i o n s  a r e  ind ica t ed  by t h e  

p s t l  f o r  t h e  s tagna-  

vm = 500 km/sec 
n,, = 5 protons/cm3 
nm2 20 protons/cm3 

EARTH 
I I 1 
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245 0 
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Figure 54.- Successive positions in equatorial plane of oblique density discontinuity in 
solar wind. 
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o u t e r  and i n n e r  dashed l i n e s .  
r ep resen t  t h e  shape of  t h e  d i s c o n t i n u i t y  s u r f a c e  a t  t h e  s t a t e d  t imes .  
netosphere boundary a t  each o f  t h e s e  times is given i n  p a r t  by t h e  p o r t i o n  of  
t h e  s o l i d  l i n e  t h a t  i s  i n t e r i o r  t o  t h e  o u t e r  dashed l i n e .  The remainder o f  
t h e  magnetosphere boundary i s  s t i l l  s t a t i o n a r y  i n  t h i s  approximation i n  t h e  
i n i t i a l  p o s i t i o n  i n d i c a t e d  by t h e  o u t e r  dashed curve.  
examples, t h e  r e s u l t s  show t h a t  t h e  magnetosphere boundary co l l apses  r a p i d l y  
t o  i t s  f i n a l  conf igu ra t ion .  
con t inu i ty  s u r f a c e  t o  sweep p a s t  t h e  forward p a r t  o f  t h e  magnetosphere, each 
element of t h e  boundary e s s e n t i a l l y  completes i t s  movement from i n i t i a l  t o  
f i n a l  p o s i t i o n  i n  less than a minute. 

A s  i n  t h e  prev ious  examples, t h e  s o l i d  l i n e s  
The mag- 

A s  i n  t h e  previous 

Although s e v e r a l  minutes are r equ i r ed  f o r  t h e  d i s -  

I t  i s  not  d i f f i c u l t  t o  v i s u a l i z e  t h e  f l u i d  coun te rpa r t s  o f  t h e  problems 
descr ibed  above, o r  t o  formulate  t h e i r  mathematical r e p r e s e n t a t i o n  us ing  t h e  
equat ions of magnetohydrodynamics. 
encountered i n  t h e  s o l u t i o n  of  t h e s e  equat ions ,  however, q u a n t i t a t i v e  d iscus-  
s i o n  of such problems has  ha rd ly  begun. Dryer, Merritt,  and Aronson (1967) 
have descr ibed  c e r t a i n  a spec t s  o f  t h e  dynamic i n t e r a c t i o n ,  between t h e  magneto- 
sphere and bow wave system and a b l a s t  wave propagat ing through t h e  s o l a r  wind 
with t h e  a i d  of a labora tory  experiment i n  which a b l a s t  wave produced by a 
shock tube i s  d i r e c t e d  downstream through an ope ra t ing  supersonic  wind tunnel  
conta in ing  a s i m p l i f i e d  model of t h e  magnetosphere i n  t h e  t e s t  s e c t i o n .  

Because of t h e  formidable  d i f f i c u l t i e s  

More l o c a l i z e d  a spec t s  of  t h e  i n t e r a c t i o n  such as t h e  i n i t i a l  changes i n  
a gasdynamic o r  magnetohydrodynamic shock wave o r  o t h e r  d i s c o n t i n u i t y  upon 
impact with t h e  bow wave can be  t r e a t e d  immediately by s tandard  methods 
descr ibed  i n  t e x t s  such as Courant and F r i ed r i chs  (1948), Landau and L i f s h i t z  
(1959), Oswatitsch (1956), and J e f f r e y  and Tan iu t i  (1964). While methods, and 
even s o l u t i o n s  i n  some cases ,  are immediately a v a i l a b l e  from t h e s e  and o t h e r  
sources ,  t h e i r  a p p l i c a t i o n  t o  t h e  magnetosphere remains l a r g e l y  unexploi ted.  
As an example of t h e  ease  of such an a p p l i c a t i o n ,  w e  may cons ider  t h e  ampl i f i -  
ca t ion  of a p lane  sound wave upon head-on impact wi th  a s t r o n g  shock wave. 
Such an i d e a l i z a t i o n  might be considered s u f f i c i e n t  t o  make t h e  f i r s t  e s t i -  
mates of  what happens t o  a small d i s turbance  i n  t h e  s o l a r  wind upon encounter- 
ing the  forward p a r t  o f  t h e  Ea r th ’ s  bow wave. For t h i s  problem, Landau and 
L i f s h i t z  (1959) show t h a t  t h e  shock wave i s  set  i n t o  o s c i l l a t i o n ,  and t h a t  
both a sound wave and a contac t  s u r f a c e  wave are t o  be  found i n  t h e  region 
downstream from t h e  shock wave. Also shown i s  t h a t  t h e  r a t i o  of  t h e  amplitude 
6p; of t h e  p re s su re  o s c i l l a t i o n s  i n  t h e  t r ansmi t t ed  sound wave t o  t h e  ampli- 
tude 6pl of t h e  i n c i d e n t  sound i s  p ropor t iona l  t o  t h e  p re s su re  r a t i o  across  
t h e  s t a t i o n a r y  shock wave. More p r e c i s e l y ,  

o r  approximately 0.317p2/pl f o r  y = 5 / 3 .  
p2/p1 = 2yMl2/(y + l ) ,  o r  5M12/4 f o r  y = 5 / 3 ,  i n  which 
t o  the  i n c i d e n t  Mach number based on t h e  component of  v e l o c i t y  normal t o  t h e  
shock wave. With M 1  = 8, as might occur a t  t h e  nose of t h e  Earth’s  bow wave, 
t hese  expressions i n d i c a t e  t h a t  This r e s u l t  
i l l u s t r a t e s  t h e  immense ampl i f i ca t ion  t h a t  small d i s turbances  may experience 
as they propagate across  t h e  Ea r th ’ s  bow wave. I t  a l s o  fu rn i shes  a poss ib l e  
a l t e r n a t i v e  explana t ion  t o  t h a t  of c o l l i s i o n l e s s  shock wave theory i l l u s t r a t e d  

For a s t r o n g  shock wave, 
M 1  should be equated 

p z / p ~  = 80 and Sp;/6pl = 25.4.  
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i n  t h e  small i n s e r t s  of f i g u r e  4 1  f o r  t h e  inc reased  i r r e g u l a r i t i e s  i n  t h e  d a t a  
from plasma probes and magnetometers behind t h e  bow wave compared wi th  co r re -  
sponding d a t a  obtained i n  t h e  i n c i d e n t  s o l a r  wind. The d i f f e r e n t  speeds of 
propagation of t h e  t r ansmi t t ed  sound wave and t h e  con tac t  su r f ace  wave pro- 
duced by i n t e r a c t i o n  of a sound wave and t h e  bow wave o f f e r s  t h e  p o s s i b i l i t y  
of f u r t h e r  r i chness  of consequences because of  i n t e r a c t i o n s  t h a t  may occur  
between t h e  two t r ansmi t t ed  wave systems. Burgers (1946) has shown, f o r  
example, t h a t  t h e r e  w i l l  b e  a s imple wave t r a i n  of  v e l o c i t y  and p res su re  d i s -  
turbances propagat ing a t  t h e  l o c a l  speed of sound, and a l s o  a simple wave 
t r a i n  of entropy d is turbances  c a r r i e d  a long  with t h e  l o c a l  v e l o c i t y  of  t h e  
flow. The i n t e r a c t i o n  of  t h e  dens i ty  and temperature  o s c i l l a t i o n s  a s s o c i a t e d  
with both of t h e s e  wave t r a i n s  l eads ,  i n  a d d i t i o n ,  t o  t h e  development of o s c i l -  
l a t i o n s  with new f requencies  by a process  s imi la r  t o  t h a t  by which b e a t s  are 
produced. 
waves and o t h e r  i r r e g u l a r i t i e s  p o s s i b l e  i n  t h e  s o l a r  wind plasma remain 
l a rge ly  undetermined, as do t h e  c h a r a c t e r i s t i c s  of  t h e i r  propagat ion through 
t h e  flow f i e l d  e x t e r i o r  t o  t h e  magnetosphere, and beyond t o  t h e  i n t e r i o r  of 
t h e  magnetosphere and u l t i m a t e l y  t o  t h e  s u r f a c e  of t h e  Ear th .  

Details of t h e  i n t e r a c t i o n  of t h e  bow wave and t h e  wide v a r i e t y  of 

. The s t r u c t u r e  of  t h e  bow wave remains a t o p i c  surrounded by cons iderable  
u n c e r t a i n t i e s .  A t t en t ion  has  been given i n  t h i s  t e x t  t o  t h e  p o s s i b i l i t y  t h a t  
t he  s t r u c t u r e  may be  understood i n  terms of t h e  c o l l i s i o n l e s s  shock wave cal-  
cu la t ions  of Auer, Hurwitz, and Kilb (1961, 1962) and Rossow (1965, 1967). 
Another p o s s i b i l i t y  has  been developed ex tens ive ly  r e c e n t l y  by Tidman (1967a, 
b) i n  which a t u r b u l e n t  shock wave i s  considered t o  be formed through t h e  
a c t i o n  of ion  waves produced as a r e s u l t  of two-stream i n s t a b i l i t i e s  of i n t e r -  
pene t r a t ing  ion  s t reams.  
does n o t  seem u n f a i r  t o  conclude t h a t  t h e  p r e c i s e  determinat ion of t h e  
d e t a i l e d  mechanism by which t h e  bow wave i s  formed i n  t h e  c o l l i s i o n l e s s  plasma 
of t h e  s o l a r  wind remains l a r g e l y  unknown a t  t h e  p re sen t  t ime.  

In  s p i t e  of t h e s e  and s e v e r a l  o t h e r  proposa ls ,  it 

The s t a b i l i t y  of t h e  magnetosphere boundary i s  another  t o p i c  t h a t  has not  
been touched upon i n  t h e  preceding d i scuss ion .  I t  i s  apparent  t h a t  t h e  bound- 
a ry  must be  s t a b l e  i n  a t  l e a s t  some gross  sense ,  s i n c e  otherwise t h e  genera l ly  
good agreement between observa t ions  and t h e  s t e a d y - s t a t e  theory could hard ly  
be expected t o  occur .  Numerous t h e o r e t i c a l  s t u d i e s  of t h e  ques t ion  of t h e  
s t a b i l i t y  of t h e  magnetosphere boundary have been publ i shed  over  t h e  l a s t  10 
years  o r  more, b u t  t h e  r e s u l t s  a r e  o f t e n  con t r ad ic to ry .  Dungey (1958, 1963) 
considered t h a t  t h e  flow of s o l a r  plasma along t h e  magnetosphere boundary 

water  through t h e  a c t i o n  of a Kelvin-Helmholtz i n s t a b i l i t y .  H e  and Parker  
(1958) gave a theory of such waves, and concluded t h a t  t h e  magnetosphere 
boundary i s  uns t ab le .  The a p p l i c a b i l i t y  of t h e  r e s u l t s  t o  t h e  magnetosphere 
i s  not  assured  immediately, however, because of t h e  neg lec t  of  known f e a t u r e s  
of t h e  phenomena such as t h e  compress ib i l i t y  of t h e  plasma, t h e  curva ture  of 
t he  boundary, and t h e  e f f e c t s  of non l inea r  terms i n  t h e  governing equat ions .  
S p r e i t e r  and Summers (1965) proceeded d i f f e r e n t l y  by bas ing  t h e i r  a n a l y s i s  on 
the  s t r i c t  a p p l i c a t i o n  of t h e  Chapman-Ferraro theory .  
wave length and amplitude are s u f f i c i e n t l y  small t h a t  curva ture  and second- 
o rde r  effects can be  d is regarded ,  a l l  p e r t u r b a t i o n s ,  except  those  having wave 
f r o n t s  a l i n e d  wi th  t h e  d i r e c t i o n  of t h e  l o c a l  magnetic f i e l d  wi th in  t h e  mag- 
netosphere,  damp exponent ia l ly  with t i m e  and d r i f t  a long t h e  magnetosphere 

. would genera te  s u r f a c e  waves i n  t h e  same way t h a t  t h e  wind generates  waves on 

They found t h a t ,  i f  t h e  
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boundary with t h e  t a n g e n t i a l  component of  t h e  s o l a r  wind v e l o c i t y .  
waves, which n e i t h e r  damp nor  amplify i n  t h i s  approximation, are examined f u r -  
t h e r  by inc lus ion  of  curva ture  and h ighe r  o r d e r  effects .  Analysis shows t h a t  
curva ture  in t roduces  a d e s t a b i l i z i n g  effect  i n  small reg ions  of  oppos i te  t o  
normal magnetosphere boundary curva ture  i n  t h e  v i c i n i t y  o f  t h e  n e u t r a l  p o i n t s  
and a s t a b i l i z i n g  e f f e c t  e lsewhere.  With t h e  e l imina t ion  of t h e  regions of  
r eve r se  curva ture  nea r  t h e  n e u t r a l  p o i n t s ,  as descr ibed  i n  connection with 
f i g u r e  39, even t h i s  except iona l  reg ion  of i n s t a b i l i t y  d isappears .  Buffalano 
(1967) has  considered t h i s  same model f u r t h e r ,  and shown t h a t  convection of  a 
boundary p e r t u r b a t i o n  a long  t h e  magnetosphere boundary acts a l s o  t o  l i m i t  t h e  
growth of any i n s t a b i l i t y .  On t h e  o t h e r  hand, s e v e r a l  o t h e r s  inc luding  Talwar 
(1964), Sen (1965) , Lerche (1966) have developed ana lyses  based on f l u i d  con- 
cep t s ,  and shown, f o r  assumed condi t ions  t h a t  may o r  may not  adequately repre-  
s e n t  t h e  a c t u a l  cond i t ions ,  t h a t  t h e  magnetosphere boundary i s  uns tab le .  More 
ex tens ive  accounts of  t h i s  important  and c o n t r o v e r s i a l  s u b j e c t  have been given 
r e c e n t l y  by Atkinson and Watanabe (1966) and Buffalano (1967). 

Alined 

CONCLUDING REMARKS 

Three broad conclusions emerge from t h i s  review of  t h e  e x t e r n a l  aerody- 
namics of t h e  magnetosphere. One is  t h a t  s u b s t a n t i a l  p rogress  i s  be ing  made 
i n  t h e  development of  methods f o r  t h e  c a l c u l a t i o n  of t h e  p r o p e r t i e s  of both 
t h e  s o l a r  wind and i t s  i n t e r a c t i o n  with t h e  geomagnetic f i e l d .  Another i s  
t h a t  c a l c u l a t i o n s  based on f l u i d  concepts of  magnetohydrodynamics and gasdynam- 
ics  a r e  c o n s i s t e n t l y  of  almost s u r p r i s i n g  accuracy cons ider ing  both t h e  ques- 
t i o n s  surrounding t h e  use  of  continuum methods and t h e  i n t r o d u c t i o n  of 
s impl i fy ing  assumptions necessary  t o  achieve s o l u t i o n s  a t  t h i s  t i m e .  F ina l ly ,  
one cannot avoid t h e  conclusion t h a t  a cons iderable  amount of f u r t h e r  ana lys i s  
i s  requi red  t o  b r ing  a corresponding c l a r i f i c a t i o n  t o  many problems t h a t  s t i l l  
remain unsolved. 

In  the  s o l a r  wind, t h e  t r u e  na tu re  of t h e  h e a t i n g  mechanism i n  t h e  corona 
t h a t  d r ives  t h e  s o l a r  plasma away from t h e  Sun remains unknown i n  d e t a i l .  A 
d i scuss ion  of t h e  manner by which t h e  s o l a r  wind te rmina tes  a t  g r e a t  d i s t ances  
from t h e  Sun and merges with t h e  i n t e r s t e l l a r  medium, perhaps through t h e  
a c t i o n  of one o r  more te rmina l  shock waves, has  only begun. The u l t ima te  con- 
sequences of such inqu i ry  may b e  of cons iderable  importance i n  understanding 
t h e  i n t e r a c t i o n  of  stars and t h e i r  gaseous environment i n  space.  The quan t i -  
t a t i v e  ana lys i s  of  t h e  p r o p e r t i e s  and propagat ion o f  t r a n s i e n t  e f f e c t s  is a l s o  
of g rea t  i n t e r e s t  and must be  understood i n  much g r e a t e r  d e t a i l  than  a t  pres -  
e n t  f o r  an adequate comprehension of a v a s t  a r r a y  of phenomena t h a t  come under 
t h e  general  heading of s o l a r - t e r r e s t r i a l  r e l a t i o n s .  

Any l i s t  of unsolved problems i n  t h e  i n t e r a c t i o n  of t h e  s o l a r  wind and 
t h e  geomagnetic f i e l d  must inc lude  t h e  q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  mag- 
netosphere t a i l ,  and t h e  development of a complete s o l u t i o n  of  t h e  shape of  
t h e  magnetosphere boundary and t h e  p r o p e r t i e s  of t h e  surrounding flow i n  a 
completely s e l f - c o n s i s t e n t  manner. I t  does not  appear l i k e l y ,  however, t h a t  
t h e  s o l u t i o n  of t h e  l a t t e r  very d i f f i c u l t  problem would y i e l d  r e s u l t s  substan-  
t i a l l y  d i f f e r e n t  from those  t h a t  can now be  c a l c u l a t e d .  
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i n  need of c l a r i f i c a t i o n  i s  t h e  ques t ion  of  t h e  s t a b i l i t y  of  t h e  magnetosphere 
boundary. The s t r u c t u r e  of  t h e  bow wave and t h e  mechanism by which it creates 
o r  ampl i f ies  i r r e g u l a r i t i e s  i n  the flow i s  a t o p i c  o f  g r e a t  i n t r i n s i c  i n t e r e s t  
and important work needs t o  be  done t o  provide even a rudimentary understand- 
i n g .  The p r o p e r t i e s  and propagat ion of t r a n s i e n t  e f f e c t s  a l l  t h e  way from t h e  
s o l a r  wind, o r  even more ambit iously,  from t h e  s u r f a c e  of  t h e  Sun, t o  t h e  
Ear th  remains a s u b j e c t  of  v i t a l  importance t h a t  i s  s t i l l  r e l a t i v e l y  undevel- 
oped. Also of  i n t e r e s t ,  al though b a r e l y  d i scussed  as y e t ,  i s  t h e  ex tens ion  
and adapta t ion  of  t h e  understanding achieved f o r  t h e  Ear th  t o  o t h e r  o b j e c t s  i n  
t h e  s o l a r  system. 
n e t i z e d  p l a n e t  such as J u p i t e r ,  o r  very d i f f e r e n t  i n  t h e  case of e s s e n t i a l l y  
unmagnetized o b j e c t s  such as t h e  Moon, Mars, and Venus. 

This  may poss ib ly  be  s t r a igh t fo rward  i n  t h e  case of  a mag- 

F ina l ly ,  perhaps t h e  most i n t r i g u i n g  ques t ion  of a l l  r e l a t e s  t o  t h e  very 
success  of t h e  continuum models i n  dea l ing  with the ,mos t  r a r e f i e d  gas pres -  
e n t l y  a c c e s s i b l e  t o  d i r e c t  measurement. I t  i s  "Why does c o l l i s i o n l e s s ,  
s l i g h t l y  magnetized plasma a c t  s o  much l i k e  an ord inary  col l is ion-dominated 
gas?" I t  i s  no t  t h a t  one i s  e n t i r e l y  devoid of explana t ions ,  bu t  t hose  
usua l ly  o f f e r e d  a r e  somewhat u n s a t i s f y i n g  and s u p e r f i c i a l  involv ing  l i t t l e  
more than the  simple replacement of t h e  mean f r e e  pa th  by some s h o r t e r  i n t e r -  
a c t i o n  d i s t a n c e  such as t h e  gyro r a d i u s .  The proper  r e s o l u t i o n  of t h i s  ques- 
t i o n  must c e r t a i n l y  b e  ranked among t h e  more important  goals  t o  be  sought i f  
t h e  environment provided by i n t e r p l a n e t a r y  space i s  t o  l i v e  up t o  i t s  
f r equen t ly  tou ted  p o t e n t i a l  as a labora tory  f o r  t h e  s tudy of r a r e f i e d  plasmas. 
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